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FOREWIRD

This rveport was prepared by Bocketdyer, a division of Nurth Amsvicsh
Rockwell Corporvation, under Contrsct NASS-10, Exhibit €, Task Ne. Al-00%%
titled “"Investigation of J-2 Engine Oscillations,” and Rocketdyne 6.0. 09142,

ABSTRACT

Following Apollo flight AS-5€3, and on flight AS-504, large-amplitude oscil-
lations in the 17-Hz frequency rangs were observed near the end of §-11

burn. Analvtical and experimental programs were initiated to determine

the cause of these oscillstions and methods of eliminating them. Rocketdyne's
efforts on the program consisted of three phases:

1. Analysis of flight data with support from stage static tests
2. Engine pulsing test program and:analysis
3. LOX pump pulsing test program and amlys‘is

From the analysis of the flight data, Rocketdyne was able to show that the
oscillations were the result of a closed-loop instability. The loop inclvdes
the structure, the inbosrd LOX feedline, and the inboard engine. The in-
stability was demonstrated and parameter effocts evaluated using an analeg
moadel of the closed-loop system. The engine pulsing test program showed
that ‘the flight cacillations sve not engine self-excited oscillations, and

. deternined the engine transfer function AP cIAPi a (chamber pressure/LOX
pusp inlet pressure) based on an inlet flow perturbation. This transfer

.. function is vequired in the closed-locp stability models. The primary

_ output of the pump test program was the pusp termination impedance (G =

_ pump inlet wssmlﬂm} which was determined as a function of NPSH by
 » cowbined snalytical-experimental program. Using the pump termination

: mm and engine transfer function, the transmission of escillations
from structursl accelerstions to chamber pressure could be determined.
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INTRODUCTION

Following Apollo flight AS-503, accelerometers and pressures were observed
to indicate a pericd of large amplitude oscillations in the latter part

of the second-stage burn. Data analysis revealed that the oscillations
were in the range of 18 Hz, that they appeared to be more prominent in the
parameters associated with the center engine of the second stage, and on
AS-503 that the engine pressure parameters indicated the problem more than
accelerometers. These pressure oscillations were large enough that analyses
weye initiated to explain their origin. These analyses included review
of data from previous flights and from ground tests, investigation of in-
strusentation used in flight, and investigation of various hypotheses
relative to the cause of the oscillations. Effort was also directed to
obtaining more significant data on flight AS-504 to lead to a verification
of the source and nature of the oscillations.

The review of previous flight data revesled that similar, yet less severe,
oscillations were experienced on AS-501 and -502. Probably one of the
most significant results determined from this initial study was that the
sceelevometers used were not sdequate for obtaining valid data at 18 Hz,
and this inadequacy was corvrected on flight AS-504. However, prior to
AS-504, the primary hypothesis relative to the cause of the oscillations
was that the engine had self-excited oscillations which coupled with the
structure to give large oscillation amplitudes. To help remedy this situ-
ation, the LOX pamp NPSH wes increased using step pressurization.

Flight AB-504 date lovked very similar to flight AS-503 except that with
the new accelevometers the accelerations of the center engine and LOX tank
bottom on the second stags were very large. Using the AS-504 data, cor-
relating amplitude rvatios and phase angle relstionships between parameters,
Rochetdyne showed that the oscillation problem was actually the result of a
systes closed-loop instability, not engine self-excited oscillations. The
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main components of the system are the structure, the LOX pump feed system,
and the engine. The closed-loop instability is most easily defined by
tracing the response of the components avound the loop., The structural
sccelevstions cause flow perturbations at the LOX puspy inlet which result
in inlet pressure oscillations as determined by the feedline-pump dynamics.
These inlet pressures ave tranmsmitted through the engine to chasber pres-
sure and result in thrust oscillations. The thrust oscillstions sct on
the structure to cause structural accelerations. Thus, the loop is closed,
and the system is unstable 4f, in going avound the loop, the amplitude and
phase relationships are such that the escillation amplitudes tend to grow
as in flight. (A mathematical definition of the loop stability is given
in the text.) The instability occurved at a structural resonant frequency
which is particularly associated with the cross-beanm structurs upon which
the center engine is mownted.

Of course, previous to these flights, stability analyses had been performed
to determine system stability, snd thess analyses had not yevealed this
instability. Since them, it has been found that the definition of the dynam-
ics of the major elements of the system were insccurate in these initisl
stability wodels. Rocketdyns performed tests pulsing the engine using sn
inlet piston pulser. These tests revealed that the angine trunsfer func.
tions bused on a model constructed o Fit discharge pulsing dsts were not
adequate for describing engine dynamics with an inlet pulse. Thus, tests
ware extended to get 2 new engine transfeor fumction 'wc/”in on the LOX
side. Flight dats also revealed that the structural sodel in these upper
sodes was glving ingccurste vesults, and gtrempts, both analytical and
experisental, were initisted by BAR Space Division ~2 MSPC to improve
this part of the system model. Also, both Rocketdyne and NASA-MSFC per-
formed teats to determine more accuvately the dynasics of the LOY fesdline-
turbopisp nodel,
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The present report describes Rocketdyne's efforts in solving this S.11
i8-Hz oscillation problem. The veport has two major divisions. First
iz presented the flight data and their anslysis including Rocketdyne's
snslog computer wode] of the system which was based on flight results
and used to atudy pevameter varistion effects on stability. In this
first section, o defisition of the closed-loop instability, the argu-
ments that prowed the problem to be an instability, and a rating of the
degree of instability as determined from tha closed-loop damping factor,
slso sre presented.

The second division of the report describes Rocketdyne's engine pulsing
tests and the LOX turbopuwp pulsing tests. The vesults of these tests
are presented and, where possible, corvelstion with data from MSFC tests
is mmtioned. There were difficulties in obtaining the date regquirved to
sstablish the dynanic velstionships of interest. In some cases, these
difficulties could be handied, but the final results still depended on a
combined sxperinental -snaiytical snnlysis, -

It should be mentioned, aise, that to eliminste the oscillation probiem,
the center engine on the second stage was cut off early, at s time befors
the imstability occurved. This solution has since been verified to be
effective vn both flights AB-505 and ~506.

7970 3/4



FLIGHT RESULYS
FLIGHT DATA, AS-504

The duts obtaiued from flight AS-304 were move complete, permitting sore
derailed aoalysis of the dymasic performance of the vehicle than the three
previows flights. Thus, the data from £light 504 will be discussed first
dn detail, and then the Jdats from the other flights will be summarized,
bighlighting the differences and similavities betwesn £iights. Certain
£1ight paransters have been most heavily velied upon to reach an under-
nwﬂiw of the nature of the 17-Mertz (i) oscillation probles. Those
parameters are the five engine chamber pressure messuremsnts (P o1 ’ez*
Yesp ?ﬁg sud longitudinal sceelorvometers on engine No. 1 (%,), engine
So. & (i), and the LOX tank bottom (R“‘) These parameters, being con-
sidernd primsry, uiﬂ ﬁm discussed fivst followed by a general review

of sther m S raater M for covroboration.

t o8 mwm swplitudes (particularly in certein of
#t frequencies other then 17 to 18 m‘m ¢
froquency (1/2*18 Hz) and & 10-H: frequency oscil-
§. Although these oscillations may e partially
PR mumm. #11 ewphasis initially

sute measurements sre shown for the full S.II
'me bave the same full-scale
wgion of lsrge oscilistion seplitude is evie
the csenter wngine {engine No. 5). Durisg
e Tour sbosrd engines do indicate slight
_incresses in oscillstion splitude. The pavameters sve shown agein in
‘ﬁg, 2 at the same awplitude range but with su expanded time scale in

7870 5
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the sepion of lavge cacilistions. 1t should be noted that both Fig. 3
wod I presynt dats band-pess filtered frow 15 to 20 Mp.  The oscille-
thoms on the conter sugine would be obvious without the filtering, but
net thowe on the outhoard engines,

The frequency snd seplitude for . and P,y are shown in Fig, 3. The
forequancy was owmted for sack l-second interval fyom f£ilteved Brush
weoppds. The emplitudes were dutermined from 8 tracking filter of 2-iz
basduidth, This smplivede représents 3 continuous sversge value over an
€. 30-second time slice. The smplitude of P o is slowly diverging from
range time (KT} 497 seconds. At BT 504.5 to 506 seconds, the amplitude
eapidly diverges sesching » Jimit st spproximately 506.5. During this
period of repid diveegence, the frepuncy drops by & few tenths of &
wyele. The ssplitude then siowly decvesses as the feoquency slowly
increases from & sinisum value of 16.7 H to approximately 19.0 Mz, The
wmplitide divergence is definitely caused by a closed-loop instability
{which will be described and discussed in u Ister section). The sbrupt
timit of the swplitude indicates s limit cycle resulting frow system non-
Hiosarities. The gradusl decrense in splitude after 507 seconds is
indicative of & vetwrn to stability.

MWWWMWW & such lower ssplitude and » different
chavecteristic then the inboard measuremeat. It will subsequently be

~ hown that the outhbosrd engines ave not & significant participant in the
1748 ssciiiation probles. :

he e - msm& of the mfilrersd data for
: fﬁ*‘}}« ﬂiﬁk the narrow (3 Had hm&!-ms

m Wlim ia o5 ztw 10- to 25-Hp

3.5 te 1.1 psi, p-p, 85 determined from powsr-

1 wmmm plots (PSD's) with s 1-Hz bandwideh. The larger peaks
‘which rapressnt higher signal power during this earlier burn time oceur
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at frequencies close to structural resonant frequencies so that some
fesdback from the structure through inlet pressure is suspected. As a
resuit, these peaks are not an accurate gage of the thrust oscillations
expected from the engine with no coupling to the structure. The actual
uncoupled oscillations are believed to be less than 1.0 psi (p-p) at a
given frequency, based on ground test results and the flight data at
frequencies which do not correspond to structural resonances. The ampli-
tude for the complex wave (unfiltered) of chamber pressure is generally
4 to 5 psi, p-p, and can be as high as 10 psi, p-p. This noise level
is high encugh so that the data must generally be filtered to establish
asccurate amplitudes in a given frequency range.

1t was necessary to verify thet the chamber pressure flight instrumentg-
tion was giving accurate data, because these duta were used so extensively
to analyze the oscillation problem. The chamber pressure instrumentation
consists of a constricted flow chamnel (about 7 inches in length) followed
by a long sense line (about 41 inches) filled with hydrogen gas through a
purge line from the fuel msnifold. The effect of the long sense line gnd
the hydrogen was determined by an engine test on the ground using a close-
coupled instrument and a flight instrument. The two instruments were in
phase at low frequencies and, at 70 Hz, the phase shift had become 45 degrees.
This indicated that the first acoustic resonance of the sense line was in
excess of 70 Hx. The effect of the constricted flow channel on the first
resonance was cajculated mnalytically and indicated that, at most, the

first resonsnce of the feedline would be reduced to approximately 50 Hz.
Thus, the flight instyument used to measure chawber pressure shou.d have
& First resonant frequency in excess of 60 Hr and would, therefors, provide
valid data in the 1&<H: vegion,

Phase relationships between Pc and accelerometer measurements will be
discussed in the section on the sccelerometer data.
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Hain Accelerstion Messursments IR, , .. Be.

Three peceleration sessurenents are of prisery nteesst o the stady of
the 17-Hz oscillation problem--the sccelerstive of engise %o, EIER
engine No. & (K1, and the 05 tank bottem, or sump 1%, . 0. These three

accelerations are shown in Fig. 4 for both rhe full S burn tise an
the time period of the lavge oscillations, in both cases the dats belng
band-pass filtered from 15 to 20 Hr.  The shape of the envelope of The
amplitude for %5 and ilxﬁ in similar to that of Py The

these accelerations appear to diverge carlier i time than dues vr% s

mpd itaden of

this is believed to be caused by the much higher sigeal -to-noise Fatin
on the accelerowsters, As in the case of the chasber pressares, the
response of engine No. 1 is very small in conparisen o the pespotsy of
enging No. §.

Another factor evident in Fig. 4, because of the low noise lewed, ape the
regions of increased amplitude at sarlier tismes ia flight.  these Psgions
begin at approximately 250, 280, 300, and 40 seconds BV, Sevause the
region of vapidly diverging amplitudes of #¥ 574 has been povesiod o

be csused by s clesed-loop instability, these varlier increeres an aupli-
tude could be indicative of » merginslly stable systen. ¥h
phenomena will be discussed further below as the sceelvre®vor Jats sre
broken down inte specific frequency content.

g oeurdier

The amplitudes of the scceleyations as detersined from the traching filtey
are shown In Fig, 5 for the time period of large oweillstions,  The fes-
quency plot is identical to that for ?ﬁs shosn ia Fig. 3 The mevises
amplitudes obzeyved in wnfiltered dats were ﬁg e 2.1, ﬁﬁ s 358, wnd

= 16,0, all in wnits of g's. p-p. Harlier in Time, d.e., prwvisus
0 497 BT, the seximm swplitude in &5 was 3.4 g, p-p. aed thy majority
of the dats was less than 0.5 g, pp.

R-7870 13
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The phase relationships between acceleration and pressure measurements

a8 determined from Rocketdyne's tracking filter were probably the primary
dots which eventually led to an understanding of the oscillation problem.
On flights 501 and 502 there were fewer accelerometers used and,on flight
503, the particular type accelerometers used provided data at low frequen-
cifs and st steady state but had a sharp roll-off at approximately 10 Hz
a0 that st 17 Hz, smplitudes and phase relationships could not be estab-
1ished. (These accelerometers were adequate for studying instabilities
involving the first longitudinal mode of the structure. Until flight
A%-303, no problem invelving the higher modes had been anticipated.)

These aceeleroseters wore changed on flight 504 to get good response at

17 Hz but used # cirvcuit that blocked steady-state acceleration. Initial
investigations of the phase relationships revealed that there was an error
in interpretation of the tape data. Further investigation was pursued

to determine the souvrce of the error. 1t was found that phase corrections
had to be wade to account for the following:

1. The accelerometers (ﬁl. is, iLTB) were mounted upside down so
that positive accelevation was aft. This introduces an 180-
degree phase error in accelerstion-to-pressure,

2. 'There were char.ge smplifiers betwesn the accelerometer and the
data transmission package which introduce an extra 20-degree
phase lead st 18 H:z in acceleration relative to pressures.

3. Theve is & phase roll-off characteristic associated with each
of the P tape IRIG channels so that in comparing data from
diffevent chasnels the proper correction must be made.

The phase relationships between the LOX tank bottom and engine No. 1 asccel-
wration snd the engine No. 5 chamber pressure relative to the engine No. §
scoeleration are showm in Fig. 6 for the time period of the large oscilla-
tion seplitudes. The LOX tank bottom and engine No. § accelerations are
seen to be in phase to within 210 degrees. The outboard engine is in
phase with the center engine until the time when the amplitudes begin to

i4 R-7970
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rapidly diverge, and then the outhoard engine becomes spprosimately 180
degreos cut of phase with the center eagine. ®ith these two engines out
of phase, there sust be 3 node point between the two with tero accelera-
tion, Befors the phase shift of engine No. 1 velative to engine No. §,
the node point had to be ocutside of the outboard engine, thus along the
thimat stracture. Beceuse the sccelerstion amplitude of engine No. 1 is
always small compared to that of engine No. 5, the nodal point must always
lig ¢lese to the gimbal point ef the ocutboaré engine.

The phase relationship between P . and 'is determines the amount of work
done per cycle by the thrust force. For a sinusoidal force of amplitude,
A, scting on 8 linear structural system with resulting displacement, B,
the work done per ¢ycle by the force is

¥ = AB sin (-8) ¢}

wherve £ is the phase angle of the force relative to the acceleration. As
long as -180«<f <0, there is positive work being done, and the maximum work
iz sccomplished when § » -90 degrees. Figure 6 shows that the force of
the center engine is slvays putting energy into the system (or doing pos-
itive work) and that at the time when the rate of divergence of the oscil-
lation amplitudes is grestest (RT = 505 seconds) the center engine force
is doing the maximus work because P.g lags ¥ by 90 degrees, Having
e3tablished the phase relationship between force and acveleration, the
relstive gain or ssplitude of the structure can be determined as shown

in Pig. 7. This figure presents the nondimensional amplituds of the
acyeleration and the phase angle for a single degree of freedom forced-
vibration system. (It is Twue that the 17-Hz oscillation problem is a
elosed-loop stability problem, not a simple forced vibrativu, but the
structural portion of the loop ¢an be looked upon as a forced vibration.)
From Fig. 6, the positions A and B on the phase curve can be established
At any required time. Them the corresponding points on the smplitude
curve can be located. Thus, at the time when the amplitudes are diverging
wost rapidly, the system is oscillating right at one of the structural
resonant frequencies.

1) R-7970
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The phase relstivaship between force Fey) and acceleration (X,) of
sngine 8o, 1 is shown in Fig. 8. Inserting this phase angle in Eq. 1
vewenls that durisg s portion of the time the No. 1 engine is taking
ey out of the systes, o7 scling as & dasmper, and at other times it

is putting energy lnte the system. However, at all times the amount of
snergy being pat in or Canes out is small because the phase angle is
close to 180 degrees and because the smplitude of the force (P ) and
accelerstion, thus displecesent, are ssall. Figure 8 presents the phase
relstionship for only one outhoard engine becsuse only one outboard engine
scceleration was sexsured. However, all outboard engine chawber pressures
were in phase and st spproxisately the same smplitude, end it is believed
that st this frequency all outboard engines would experience similar in-
phase accelerstions. Therefure, the data rather conclusively prove that
ghe 17-Hz osciliation probles has the center engine as its energy source,
and the outbosrd engines are not contributing to the problem.

It hss been established from the £flight data that in the frequency range
of interest {i.e., 16 to 48 Mz), the LOX tank bottom is in phase and the
vuthonred engine iz first in phase then out of phase with the inboard
mgine. These relstive phases tiun define the structursl mode shape
experienced by the velicle. A comparisen of the predicted mode shapes
for vehicle AS-504 in the same frequency vange over the last 85 seconds
of $-11 burn tiwe is given below.

o m—mm
Yode 6 Flight Data
zsazu 16.7-19.0_

:* Outbosrd last 315

Belative Phase I phese wntil Out of phase Dut of phase|In phase
“m m”m {lase mm
 Tenk Bottom
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of significant amplitude in & P5D are system response frequencies which
do not necessarily correspond to structural resonant frejquencies. How-
sver, in s linear system with light damping in the structurs and with
engine noise, which tends to be brosd band in low-frequency content, as
the forcing function, the structural response is going to be close to
the structural resonances. With an interconnected spring-mass-dashpot
wedel of the structure, it was shown that for continuocus variations of
the parameters, the resonant frequencies do not cross but will approach
sach other as shown in Pig. 10 and 11. However, the primitive mode of
the crucifors beam does exert its influence on the structural modes in
the 17-Hz region,

Assuming the modes determined from the dats sre reasonable, the modal
gain for each mode was determined. This information was obtained by
fivst reading the ssplitudes of is, L and %, .o from the PSD's at each
of the dats points shown in Fig. 10 and 11, unless there was no significant
response peak at that frequency for that parameter. By assusming that
these measured pesk smplitudes represent the response due only to these
four modes and by sssuming ressonsbie damping, the generalized mass (ui),
or its inverse representing the modal gain (1/M,), for each of the four
modes can be calculated. The gain values (e iiS/Pcs) determined from the
fiight dats are shown in Fig. 12 along with a simple curve fit of the
dats. Resulting values for the modal gains, assuming all four wmodes
have 1.5 percent of ¢ritical demping, are shown in Pig. 13. These struc-
tural modes were later used in Rocketdyme's asnalog computer model study.

ther Paraseters

LOX Discharge Pressure. The LOX pusp discharge pressure measurement on

the inboard engine (P, o) had similar chavacteristics as to the envelope
of its smplitude and its frequency s&s the chamber pressure measurement.

The unfiltered maxinum saplitude of this parameter was 260 psi, p-p.

24 R-7970
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From Flight Data




transducer seasuring this paraseter is at the end of a 4-foot

£h has the potential of containing two-phase fluid and

, g low rescnant frequency. This potential was realized in €light,

'wﬁ on flight AS-503, this pwwp discharge pressurc was proved to be toe
mgh by a factor of spproximstely 2.0 at 18 Hz. This was proved by four
Argumenis: k

1. The LOX pusp discharge pressure trace as @ function of time had
% significantly 4ifferent envelope than engine P - acceleration;
fuel pump inlet pressure, and LOX pusp injection pressure. These

differences are shown in Fig. 14,

2. Ground tests on @& J-2 engine were made using both a close-coupled
and & sisulated flight instrusent line to measure LOX pump dis-
charge pressure. The £light-type instrumentation comsistently
resds higher than the close-coupled instrument. These results
m am in Fig. 15.

crforned using a straight duct flowing LOX with 8

sim on tm nm side to get oscillatory flow and pressure

~ ,nml a throttle valve on the discharge side to achieve desired
atoady. W&W Both o close~-coupled transducer and a

T on 8 €light sense line were used to measure the pres-

: iwﬂ%. The resulting resonant frequency

‘ mii?&mﬁm of the true signal could

cal results ave presented in Fig. 16,

1 /35 approximately 2.0.

&

ressing the relationship between LOX

nd chamber pressure was established in
1 me. This transfer function at 18 Hz

= 0.48. On AS-503, AP_ = 55 psi, p-p, which
r function would yield 4P,y = 115 psi, p-p.

Re7970 ‘ 27
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Figure 14. AS-503 18-Hz Oscillstions (15- to 20-Hz Band Pass Filtered Data)
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Using the factor of 1.0 correction for pod from flight 504 would
give the true value of pod as 130 psi, p-p. Using the transfer
function and the unfiltered P 5 value of 75 psi yields P, =
75/0.48 = 156 psi, p-p. Thus, in conclusion, the actual value of
pod is assumed to be within these bounds:

130 < PodS (maximum) < 156

LOX Inlet Pressure. The LOX pump inlet pressure was measured on flight

504 for the inboard engine. However, this measurement also had a rela-
tively long sense line of 18 inches. For the lower inlet steady-state
pressures an even shorter sense line is required to prevent the sense
line from acting in the two-phase regime. The inlet pressure measurement
was recorded as 120 sample-per-second data rather than as continuous
(FM/FM) data. The inlet pressure tap location relative to the inducer
inlet is also significant because the tap is only 3 inches upstream of
the pump inlet flange. The significance of this location will be indi-
cated below.

The chamber pressure on engine No. 5 was seen to slowly diverge from

RT 497 to approximately RT 504 and then rapidly diverged, peaking out
because of a limit cycle at about RT 506. During the initial period
when the amplitudes weve slowly diverging, the LOX pump inlet pressure
was also slowly building up, was oscillating at the same frequency, but
was tracking at approximately one-half of the amplitude of Pc. At RT 504
when Pc rapidly diverged, the inlet pressure showed a sudden decrease in
both steady-state and oscillating components. A similar decrease in
steady-state value was observed in AS-503 flight data, but that data
sampling rate was too low to indicate the 18-Hz oscillation amplitudes.
This shift in the steady-state inlet pressure is believed to be g char-
acteristic of the tap locatios more than anything else. As the inlet
prossure oscillations increase, the conditions at the pump inlet become
more conducive to cavitstion at the pump inlet snd severe backflow at the
pump periphery with sn associated strong vortex action., Ground tests

R-7970 31



have indicated that a pressure measursment in such an environment quite
frequently shows similar shifts in the steady-state value, For example,
in Fig. 17, data from ground tests reveal a shift in the inlet pressure
measurement B inches upstream of the pusp inlet and no shift in the meas-
urement 32 inches upstresm of the pump.

The decrease in the oscillation amplitude is probably primarily related
to cavitation at the tap location and to two-phase fluid in the sense
line. Even in the low-oscillation amplitude vegion, the amplitude of

the oscillations are too low, the sense line in this case tending to
asttenuate the signal level rather than amplify it as on the pump discharge
pressure. (The signal will be attesnuated or amplified depending on
whether the sense line resonant frequency is sufficiently below or above,
respectively, the signel frequency.) The proof that the signal is too
low is founded on three arguments:

1. Ground tests of the engine using close-coupled and simulated
flight sense line measurements reveal that the flight measure-
ment is too low at 18 Hz, the amount of attenuation increasing
as oscillstion amplitude level increases. This trend is shown
in Fig. 18 for Rocketdyne engine tests. Actually, the sense
line on the inlet pressure used by Rocketdyne was 24 inches long
rather than 18 inches &s in flight. MSFC used an 18-inch line
in ground tests and got the same trend as shown in Fig, 18,
except the response ratio was a little lower. Thus, the sense
line ‘can very easily attenuste the signal by a factor of 2.0
at low-amplitude oscillations and by s factor as high as 5.0
te 7.0 at high-oscillation amplitudes.

2. The transfer function, &PCIMM. estsblished from ground tests
has o guin of approximately 1.0 at 18 Hz for operating conditions
similar to thoss in £flight. Thus, if flight data give retios
of approximstely 0.5, they appear too low by a factor of 2.0.

32 R-7970
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3. The scceleration levels of the stwusture {§.¢ , the opawifpes

beam 4t the center enging end the LOX tued bottom) ary sefficy

ently high thet even ignoring For preseu’ puvposss the Jdynamics
of the ialet line, the inlet pressure osciliations shoeuid b %
factor of 2.0 or more higher. For exumple, neas 500 secomds BY,
the ligquid level in the LOX tank iz approximstely & foet sbove
the pump inlet. With 2 column of fluid of weight 7O ib/ew £t
and 8 feet high vibrating st a given g level, the pressury
oscillation at the bottom of the colusn is gluen by

AP = §-§3§9~: g psi, p-p {2

At 500 RT, from Fig. 5, is = 2.2 8, iLTB = 1.1 g giving an avevage of
1.65 g. Substituting this value into Bq. 2 gives

AP = 6.41 psi, p-p

but the measured value is 3.1 psi, p-p. If similar caleulations are sade
at 504 RT, the calculated AP is 25.6 psi, p-p, but the measured value is
8.9 psi, p-p. Thus, at the lower swplitude oscillations, the inlet pres-
sure appears to be too low by 5 facter of approximstely 2.0, A& the
actual amplitudes rapidly diverge, the flight instrusent attenustes the
18-Hs oscillation componsnt by & laxge factor (5 to 7Y, sad the instry-
ment slso indicates a shift in the stesdy-state pressure shich shify is
related to the tap location

Other Parsmeters. Data were roviewed from several other parsmeters, but
none of these others significontly infisenced the study of the problem.
Several pavaseters that were observed are sentioned heve for completeness
relative to the 17-Hr osclllation performsnce of sach. Dose acceleron-
eters For sach engine were obtained from the single side-band dats. The
engine No. 1 dome acceleromcter channel was everdriven invalidsting the
data. The engiue No. 3 snd No.4 Jome scceleromsters indicated no sig-
nificant 17-Hr oscillations above the noise level. The engise No. §
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dome scceleromster had a similar response to the engine No. 5 acceler-
oweter on the cruciform beam. The dome accelerometer was noisier
throughout most of the burn time (probably because of its wider band-
width and less sensitive scale) but had lower oscillation amplitudes

in the range time of the instability. Amplitudes determined from 15 to
20 Hz band-pass filtered data are compared below.

Range Time, soconds 500 502 | 504 505 | 506 508 | 510 | 512
E-5 Dome Accelerometer* ;1.34 13.6 ] 6.7 | 10.3 | 16.6 |17.5] 16,6 15.3

E-5 Beam Acceleroweter® |2.23 15.43] 6.99] 15,01] 22.5 122.4] 21.9] 19.51

"amplitude in g, p-p

The engine MNo. 2 dome accelerometer did not appear to have an overdriven
tape, but its amplitude was much too large, being as high or higher than
the engine No. 5 dome sccelerometer, This amplitude and wave shape is
believed to be sreonecus and sppears very similar tb data in which the
coasxisl csbie from the sccelerometer was slapping against hardware.
Fhysical distortion of the ceble can directly affect the charge amplifier
output.

Two other scoelevometers that were observed but indicated no significant
change in responss in the region of the instability were the body modal
jetersl forward skirt accelerometer snd the body modal radial aft skirt
accelersmeter, There were some velocity measurements which definitely
contained strong 17-Hz data in the region of the instability. These
yelogity measuresents were designated as pitch angular velocity, yaw
snguier welovity, and roll amgular wvelocity.

Beveral other pressure spasurements were examined. Gas gen.rator chasber
pressures were svailable on all five engines. The outboard gas generator
¥ c';« indicated no significant 17-Hy oscillations above the noise level,
but the inboard engine measurement had & response similar to the main Pc
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with a maximum amplitude of 40 psi, p-p. On engine No. 1, the LOX pump
discharge pressure and injection pressure had some stronger response at
17 Hz in the region of the instability, but their response was not nearly
50 pronounced as observed on engine No. 5 parameters. The maximum ampli-
tude for this discharge pressure was only about 5 psi, p-p, and for the
injection pressure was 9 psi, p-p. The fuel inlet pressure on engine

No. 5 had & response envelope with a similar shape to the main Pc and a
maximum amplitode of approximately 5.5 to 6.0 psi, p-p. Using the
unfiltered amplitude of main P, = 75 psi, p-p and the engine transfer
function, éPc/APfs, evaluated at 17 Hz, the predicted value of APfs

would be 6.4 psi,p-p, which is in good agreement with the data. (The
transfer functions are presented in a later section.)

Performance Shift of Engine

During the time of the instability, a performance shift was experienced
on engine No., 5 on both flight AS-503 and -504. The shift has been ex-
plained as caused by a performance loss in the LOX pump. By varying the
LOX pump efficiency and the head-flow characteristic, the computed shifts
in engine performance were matched successfully to the observed shifts for
the two flights. The parameter changes required to match the data are
given below,

Parameter A5-503 AS-504

10X Pump Efficiency 4.0 1.7
LOX Pusp Head-Flow Relationship 4.2 1.2

Table 1 shows the sbaseyved snd computed parameter changes for AS-504.
A typlcal pavameter LOX pump speed, is shown in Fig. 19 indicating the
performance shift and the fitted values.

One rather significant implicstion from these results is that the type of
performance shift observed is typical of the shift that occurs when the
10X pusp cavitates. Becsuse of the large osciliation smplitudes on the
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TABLE 1

ENGINE J2066 (POSITION 5 ON S-1I STAGE OF AS-504)

INDEPERDENT

LOX PUMP PST mcnwxcm s wih

LOX PUMP EFF (XCHE/100)
'ﬂﬂ&u

. DEPENDENT
ENG LDX FLOW
ENG FUEL FLOW
ENSINE THRUST (LBS)
GG CHAMB P (PSIA)
ENGINE MIXTURE RATIO
HANB P (PSIA)
| N TEMP (DEGR) _
PUEL PUMP DISCM P (PSIA}
FUEL PUMP DISCH T (DEGR)
LOX PumP DiSCH P (PSIA)
FUEL TURS SPEED  (RPM)
LOX TURS SPEED mms
ENGINE ISP .
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LOX TuRs of sga »

. LB/SECY
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10X side, cavitation would certainly be expected, and the performance
~shift sppears to confirm the expectation. This pump cavitation would
place & lower limit on the asplitude of 10X pusp inlet pressure which
~ could be a major factor producing the limit cycle performance of the

osciliations, However, thiz will be discussed more fully in a later

section,

FLIGHT DATA, AS-501, -502, AND -503
A8-501

The parsmeters showing significant 18-Hz oscillations on AS-501 were the
five engine chasber pressures, These pressures ave shown in Fig. 20 after
band-pass filtering to clearly distinguish the dats at 18 Hz.

In these dats, & general noise level of about 3 psi, p-p, exists. How-
wver, at about. 300 seconds il'l‘, 81l five engines show an increase in
mnmio to about S psi, p-p, and lasting for approximately 40 seconds.
At 390 seconds RT, a similer dncrease in amplitude occurs and reaches a
maximus asplitude of sbout 9 psi, p-p. The duration of this latter burst
is spproximately 50 secoads except for engine No, 5. Engine No. 5 main-
tnim " 9- to mwm mmm !m 400 aecmda to 480 secomds at which
{The corges-

: iwm m miw km: by sm aemfs &Y.
f mmm; at 480 mzm is the typim

iner gy"mwmmm
1 phenomens than that
, ;msszmmamzm.
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The predominant frequency in the oscillation of engine No. 5 at 400 seconds
BT was 16 Hx. This frequency gradually incressed to 17 iz st 440 seconds
and then to 18 Hz at 470 seconds. Eighteen Hz was also the predominant
frequency during the high-ssplitude burst of the closed-lcop instability.

AS-502

Only the five engine chawber pressure measurements were considered sig-
nificant in the flight dats of AS-502. The amplitudes of those five meas-
upements vs range time are shown after filtering with s 15- to 20-Hz band-pass
fiiter in Fig. 21. Al Pé wessurenents exhibit a 3-psi noise level through-
out the flight. The first increase in amplitude above this noise level
poeurs at 300 seconds BT when the smplitude reachas 6 psi for a pericd of
shout 50 seconds. A second incresse in smplitude starts at 400 seconds RT
and lasts for 100 seconds in sagines 1, 4, and 5 only. Engines 2 and 3

had alresdy shut down snd thevefore would not be expected to exhibit P,
oscillations, At 500 secomds RY, smngine No. 5 chawmber pressure suddenly
increased to 13 psi, p-p (24 psi, p-p, unfiltered). This high-amplitude
burst has been jdentified as the 18-Hz closed-loop instability.

The predominsnt frequency throughout the high-smplitude burst was 18 Hs.

it has been reported that a second burst had been observed later in

flight having & frequency of 20 Hz and vesching sn smplitude of 40 psi, p-p,
wnfiltersd. The Rocketdyns dats reduction was done from the KSC tape which
sfeer 550 seconds was not clear becavse of & high-smplitude noise level.
It is interesting to note that the envelope of the oscillstions st the
point of the 18-Hz instability is diffevent on 502. The asplitudes on

502 do not appesr to be diverging exponentislly like they do on the other
£iights.

A comparison of the t weasurements of all five engines of the S-11 stage
of AS-503 is shown in m. 22. It is seen that AS-503 has meny chsrac-
teristics that are similsr to the flights of AS-501 snd AS-502. At 265

saconds RY, mmﬁmamv‘&m incrsssed from the noise

- R-7870
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level to sbout B psi, p-p, on the inboard engine and 4 psi, p-p, on the
outbosrd engines. This initial increase dn P, lasts for approximtely
65 segonds.  The second increase in P, wxitwa started at about 430 sec-
onds BT and vesched an ampliftude of 15 psi, p-p, {Ffiltered) on the center
sngine and 6 psi, pepon engine No, 3 with lesser incresses on the other
outboard engines. Thus, the center engine shows s different behavior
than the four outboard engines.

Figure 23 shows & plot of frequency and filtored P e smplituds as a funce
¢ion of range time. At 470 seconds BT, & geadusl imcvesse in amplitude
occurs in engine No. § P At S80 ssconds, » more rapid divergence of
saplitude occurs, and & seximse pressure of 50 psi, p-p, (65 psi, pep,
unfiltered) is vesched. After veaching the maxisum asplitude, the oseile
lations decrease to ebout 30 pui, pep, watil st 520 seconds theve 16 @
sudden decrsase, and the ssplitude disappears into the nelse level at
822 seconds. At 450 meconds KT, concurrent with the second increase in
LA smplitude, o predeminant 17.5+-Hz frequency s appavent in the unfiltered
amiuaumvh The predeminant freauency graduslly increases to 18.31 Mi,
then drops rather suddenly te 17,3 Hx during the perisd of rapidly diverg-
ing swplisndes.  4s the Lislt cycle is resched st 484 secomds BT, the
predominant frequency sgain graduslly incresses until it veaches 19.6 Mz
&t 521 seconds. At this tise, the predominant signal disappears into the
general noise level, Duving this lstter time period, the maximu aspli-
tudes in P_ on the outboard engines at 18 Hz are 6 to 8 psi, p-p, ‘
ﬁmﬂsww W&m pr&mixy in ﬁnmms Mo. 1 and No. 3.

. The X m M; - p mﬂﬁm on sngine No. 5 had large oscillations in
. ‘ﬁw m«m mxiw, mm anplitudes of 300 psi, p-p. However, as was
= ;  the M& :tim for this mmwmt ﬁmmim A two~

« m m " m&nm unfitored

130 & By (aximm) < 150
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the lower bound determingd from the transfer fumction which gives
%%I&%ﬁ'*- ¢.5, and !’c manimes is 6% psi, wafilteved. Thure were 18-Hz
data observable in an wfiltered record of the outhosrd LOY pusp discharge
pressurs.  Howewer, there were strong dsta of higher frequemcies, particu-
farly 26 to 28 Hz, which weve ususlly predominant over the 18 Hr. Engiae
Ho. 4 appeaved to have the highest 18-#z seplitudes with saximum values
of from 30 Yo 35 psi, p-p, unfiltered. Probably, this wvalue is larger
than the actusl signal because of the sense line.

The LOX injection, GG *Pc, and fuel inlet pressurvs on engine No. 5 all

had predominant 18-Mz oscillations in the latter portien of the hurn.
Maximim values observed were 75 psi, unfiltered, in LOX injection pressure;
3% pad, wfilvered, in GG Pc: and 5 to 6 pai, filtered, in fuel inlet pres
sure, all values being prp.

Essensially the same accelerometer measuvements were mede on €light 583
#s on Flight 504, but the accelevometers wers of & different typs. On
flight 503, the sccelerometors had a sharp revponse roll-off st approxi-
mately 10 Mz, ‘This is illustrated by the vesponse curve of Fig. 24 which
gives the gein of the engine No. 5 thrust pad sccelerometer. Note that

8t 18 Hz the gain is down to D.0115 of its actusl value, Similar data for
the phase vesponse is not even avallable. As s vesult, the sccelercmetey
date ave of very 1ittle use on flight 503, No phase relationships can be
determined between acueleration and forve (P). Acceleration swplivudes
conld be extimated by multiplyisg by the corvection factor frvm curves
similary to Fig. 24, but these corvection factors are so large that their
relisbility is questionable. As s vesult, the ssplitedes will be primeril)
popirted ‘as determined from the dats with sp sttewpts to correct or 10
fnterprer the asplitude.

¥

Much of the 18-Hx dats were not discernible because of the oscillations
in the 10 replon where the attenustion by the accelevomster roll-off
is small. However, when the imstsbility occurs near 480 KY, the meximm

pafiltered values cbserved were as follows.
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.

xs = 0.29 g, p-p

*LTB > 0.16 g, p-p

iil >0.10 g, p-p

Applying the correction factor to iis yields

565 ~ 0.29/0.0115 = 25 g, p-p
which compares well with the value 23.8 observed on flight 504. The dome
accelevometer on flight 503 did not have che same roll-off characteristic
as the other accelerometers. These dome accelerometers are used fo measure
high-frequency vibrations, and their response 1s good at the high frequen-
cies, but they begin to attenuate the signal in the low-frequency range.
This was observed in the 504 data where the dome accelerometer measurement
on engine No, 5 was from 60 to 80 percent of the beam accelerometer measure-
ment of engine No. 5. The maximum amplitude of the dome accelerometer on
engine No. 5 for 503 was 9.6 g p-p, band-pass filtered from 15 to 20 Hz.

If the signal was attenuated by 60 percent, then the actual value would

be 16.0 g, p-p, which is comparable to signal values observed on flight 504,
The dome accelerometers on engines No. 1 and No. 2 indicate no significant
18-Hz data above the noise level.

Accelerometers on the third stage of the vehicle had predominant 18-Hz
oscillations during the S-1I burn time. The gimbal biock accelerometer
on the third stage engine had maximum accelerations of 0.375 g, p-p, and
the dome accelerometer of 0.45 g, p-p. The gimbal block accelerometer
value is larger than the reading on the gimbal block of engine No. 5 on
the second stage; however, no information is available on the required
correction factors for these measurements.

The 18-Hz oscillations were seen in parameters in the I.U. package; e.g.,

yaw accelerometer and x-axis gyro servo, and in actuator AP's for the
outboard engines. These oscillations appeared as early in time as

R-7970 19



453 seconds RT and led initially to speculation that ihe 18-Hz problem
was caused by the guidance control system. Investigation of this poten-
tial cause revealed that the 18-Hz control signal to the actuator servo-
valves was negligible, and, even more significant, the phasing of the
engine oscillations was contrary to the control system logic. Thus, the
signals present could not be called for by the control system but only
represented response to the existing 18-Hz oscillations,

DATA CORRELATIONS

Flight Results

There are four characteristics of the oscillations other than frequency
which can be compared from flight-to-flight with an attempt to explain
these characteristics based on correlations with flight hardware or oper-
ating conditione. These four characteristics are time of occurrence of
the instability, oscilletion amplitude changes before the instability,
maximum amplitude levels, and the amplitude envelope during the insta-
bility. The major hardware items and operating conditions which may
have contributed to differences from flight-to-flight were reviewed and
are presented in Table 2. Most of these items are not sufficiently dif-
ferent to explain any variations, but reference will be made to some of
the items in the following discussion.

After flight 503, the occurrence of the large-amplitude oscillations was
found to correlate well with two parameters, LOX liquid level in the

tank and LOX pump NPSH. The correlation with LOX level is shown in Fig. 25,
and the correlation is seen to hold for £flight 504 as well. This liquid
level has a styong influence on the frequencies and gains of certain of

the structural modes. Thus, as the LOX level decreases the frequencies
increase such that modes in the 17- to 18-Hz region have a larger gain,

and the instability results.

50 R-7970
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Although the LOX level in the tank during flight could not easily be
changed, step pressurization was used on flight 504 to keep the NPSH
higher at the end of burn. It must be kept in mind, also, that before
flight 504 the generally accepted explanation of the cause of the oscil-
lation problem was that the engine was self-driving at 18 Hz. Thus,
increasing the NPSH would reduce the potential for the engine to self-
drive (although ground tests have showna that on all flights the NPSH wes
higher than those values at which self-driven oscillations occur). The
resulting correlation of instability with NPSH is shown in Fig. 26. The
correlation dces not hold for flight 504 proving that NPSH is not a sig-
nificent enough parameter to e¢liminate the instability, and the 504 data
proved that the problem was an instability, not engine self-driven
oscillations.

However, the step pressurization with resulting increased NPSH is believed
to be of benefit. For example, on flights 501, 502, and 503 there were
periods of time prior to the instability at which amplitude levels of the

P 's increased. These early bursts in amplitude were not evident in the

Pﬂ measurements on 504 (compare Fig. 1 with Fig. 20 through 23. They did
appear in accelerometer measuresments on 504, but comparable data are not
available for the other flights. If these early bursts on the first three
flights indicate marginal stability, the increased NPSH could have produced
enough additional margin to render these bursts indiscernible in Pes

Another possible influence of the step pressurization is the effect on the
amplitude envelope during the instability as seen in comparing flights 503
and 504 (Fig. 22 and Pig. 1, respectively). The P . amplitude converged
faster on flight 504 than on flight 503. Also, the instability occurred
later in time on 504 as compsred with 503. These results could, again,
be indicative of a slightly better margin of stability with the higher
NPSH. However, in comparing all four flights, the amplitude envelope and
the maxisum mlim level variations from flight to flight are for the
most part unexplained. These maximum amplitude levels are summarized
“on the following page. Flights 503 and 504 were very similar, and
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indications are that the amplitudes on these flights were limited by cavi-
tation at the LOX pump inlet. However, the oscillation amplitudes on 501
and 502 were not large enough to reach the vapor pressure when the oscil-
lating pressure is subtracted from the steady-state pressure.

Parameter 501 502 503 504
Pcs’ psi, p-p, unfiltered | 42.0 | 24.0 | 65.0 | 75.0

psi, p-p, filtered 22.0 | 13.0 | 50.0 | 51.2

Pcs‘

Stage Static Test Results

The stage static tests have also indicated significant oscillations in
the 15- to 18-Hz region, #ssociated with .he center engine near the end
of the burn. The frequency of the oscillations is generally slightly

less than in flight, and the amplitudes are much less. However, in the
static tests the structure is tied down, and as a result the gains and
frequencies of the structural modes are shifted. Still, there is suffici-
ent similarity between the oscillation behavior of static tests and flight
to lead to the conclusion that both are related. In Fig., 25, the correla-
tion of time of the larger oscillations with LOX level in the tank is seen
to be in good agreement with the flight data.

Some typipﬂ values seen in the static tests during the time of oscilla-
tion ave:

Test 8-11-7, at 330-second burn time:

iim*n - 333. p-p, maximum
Py = 7.4 psi, pp

Both at s frequency of 16.0 Hz

data we; nht%ilwﬂﬁm analyses by Space Division using a Gulton
& narrow bandwidth PSD over every 8 seconds of burn
data were also used to indicate the structural

§5



modes of the LOX tank bulkhead. The result is shown in Fig. 27. The data
points were taken from the Gulton anslysis, and the solid lines were based
on both the indicated symbols and on voice prints of the same measured
parameter which were obtained from Bellcomm. The resemblance of these curves
to the modes taken from flight data and shown in Fig. 11 is obvious, the
static firing frequencies tending to be a little lower than the flight
frequencies.

17-HERTZ CLOSED-LOOP INSTABILITY

Definition of the Closed-Loop Instability

Before discussing the instability sssociated with the S-1I stage, a brief
discussion of what is meant by closed-loop instability, or what consti-
tutes the instability, is in order. The instability is a system problem,
the system being composed of three main cowponents:-

1. The structure
2. The turbopump feed system
3. The engine

These three components are connected in such a way that they form s
clrsed loop as sketched below. That is, given a thrust force acting on

F = Thrust ¥ = Acceleration

Structure

Engina P = Inlet Pressure

Feed System

the structure, the structure responds with a given ascceleration., The
scceleration of the structure causes corresponding inlet pressure varia-
tions which are transmitted through the engine resulting in a thrust
which again scts on the strxucture. Thus, the loop is closed, all three
components heve & direct influence on the loop, and the path around the
loop is identical regardless of which response (thrust, acceleration, oy
inler pressure) is taken initislly.

56 R-7970
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Having then defined the loop, consider now the dynamic stability of the
loop. For s given frequency, at any point of time, the output of any of
the three boxes in the above sketch can be represented by a gain and
phase relation to the input. That is,

Kei'

output = *input

where K is a numerical gein factor and # is a phase angle, and both are
generally tcrequency dependent. Therefore,

19,
£ = Ke F (3)
iﬂz
P = Kz e % (4)
F o= Kge P (5)

If Eq. 4 and 5 are used in Eq. 3, the resulting equation is
i, if, ( 19, )
KI e Ks @ ,xz e X

10+ 9, 0 0y
X

£
]

or simplifying
X = lezxs ]

1f subscripts ave added to the acceleration parameter to indicate succes-
sive cycles,

. ig, + 9, + 83
X, = K1K2K3 e X4 (6)
1£
B+, +8; = 0
K1K2K3> 1.0 (N
then ¥ will diverge, and the system is unstable. Therefore, Eq. 7 consti-

tutes the conditions for defining an instability.
58 R-7970



One further comment concerns the relation of POGO to the closed-loop
instability. POGO is a closed-loop instability. However, the classical
POGO problem occurs near the frequency of the first longitudinal struc-
tural mode of the vehicle, and many definitions of POGO found in the lit-
erature restrict POGO to only this mode. Thus, a closed-loop instability
involving a different mode at a higher frequency, as for example, on the
S-I1 stage of the Apollo, would not fit these more restrictive definitions
of POGO and is, therefore, referred to as a closed-loop instability.

Indications of the Instability on the S-II

Pour arguments will be presented to show that the 17-Hz phenomenon on the
S-11 stage was a closed-loop instability involving the vehicle structure,
the LOX pump feed system, and the center engine.

1. The gains and phases of the three main elements of the loop are par-
tially known from flight data and ground tests, and the other gains and
phases required to have an instability are easily realized based on cur-
rent information. The instability occurred on flight 504 at an NPSH of
approximately 60 feet and with the PU valve at 10 degrees from full-open
position. Ground tests have established that at this operating point the
engine transfer function has a gain and phase at 17 Hz of
K; = 320.0*(0.566)

= 181 pounds thrust
psi inlet pressure

‘3 = -50 degrees

The value of K3 comes from the product of the value of APC/APos (=0.566)
and the pounds of thrust per psi chamber pressure (=320). From flight
data, X and L of engine 5 are known. For example, at RT 500 where the
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amplitudes are beginning to rapidly diverge

is = 2.1 g, p-p (see Fig. 5)

PcS = 4.0 psi, p-p (see Fig. 3)

both at a frequency = 17.0 Hz
and the phase between the two
L /& = -70 degrees
[
Therefore, referr}ng to Eq. 3,
2.1 g acceleration
Kl TGy ¢ 0.00164 pounds thrust
01 = 70 degrees

Substituting the values of Kl' KS’ Dl’ and ”3 into Eq. 7 and solving for
‘2 and 02 yields

52 = -20 degrees

K. >3.37 psi inlet pressure
27" g acceleration

It was previously shown that at the time of the instability, the height
of LOX above the pump inlet is approximately 8 feet so that the pressure
at the inlet because of & 1-g acceleration was

ap g r*1 3.89 psi inlet pressure
g 143 : g acceleration

Thus, the value Kz required to get the instability is less than the
static value which would be obtained if the LOX .column acted like an
incompressible mass of liquid. The inlet line dynamics could tend to
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increase or decrease this static gain depending on the resonant fre-
quencies of the feedline. Current analysis of ground test data has
revealed that the feedline response at 17 Hz is as large, or larger, than
the static response and that the phase angle at this frequency is very
close to the -20 degrees which is needed for instability. (A detailed
description of these ground tests and their results is presented in a
later section.)

Thus, the current best estimate of the gains and phases of the three main
elements of the closed loop do satisfy Eq. 7, and the closed-loop system
is unstable. This is the most direct and conclusive proof of an insta-
bility, but other arguments are presented to add weight to the conclusion.

2. It was pointed out previously (Fig. 6 and 7), based on the phase rela-
tionship between Pc and *S’ that the oscillations are occurring at a
resonant frequency of the structure. A structure-engine closed-loop
instability will always occur at, or very near, a resonance of the struc-
ture because the structural gain, thus, the loop gain, is significantly
larger at this frequency. Because the structural resonance is frequently
characterized by a change in frequency with time, the change in the fre-
quency of the instability with time indicates that the instabiiity is
tending to follow the resonance,

3. The shape of the oscillation amplitude curve is in itself indicative
of an instability. For example, in Fig. 1 or 4, the amplitudes are seen
to diverge in an exponential fashion until abruptly limited. This type

of behavior is characteristic of an instability with nonlinearities result-
ing in a limit cycle.

4. Immediately after flight AS-503, it was proposed that the oscillaticn
problem was caused by self-driven oscillations of the engine rather than
an instability. It had been noticed that the J-2 engine under certain
operating conditions would tend to produce low-frequency oscillations.
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Ground tests both at Rocketdyne and MSFC were performed to establish at
what operating conditions these self-driven oscillations occur. The
results are shown in Fig. 28. The region of pump self-driven oscillations
is below the operating NPSH values during each of the flights. A compari-
son of Fig. 26 and Fig. 28 reveals that the flight oscillation region con-
tinued to an NPSH of 40 feet on AS-503 (full-open PU valve positiom). This
is within 5 feet of the self-excited oscillation region yet the oscilla-
tions stopped, clearly showing that the seif-excited region had not been
reached. One further important characteristic noted conc.rning the self-
excited oscillations is that the amplitudes in inlet, discharge, or cham-
ber pressure never exceed a few psi. There have been no self-excited
oscillation amplitudes observed on the J-2 engine which are as large as
those seen in flight. Thus, the flight oscillations cannot be engine self-
excited oscillations.

The above four arguments offer conclusive evidence that the flight 17 Hz
oscillations are caused by a closed-loop instability.

The Degree of Instability During Flight

The flight data can also be used to indicate the times of instability and
the degree of instability at least as indicated by the closed-loop damping
factor. Before presenting this information, a brief discussion of the
analytical background of the subject is in order.

A typical second-order system can be represented by the differential
equation

* ~ 2
X ¢+ 2Lw, x ¢+ w7 x=0 (8)

e.g., the structural modes of the vehicle are pepresented in this manner.
Thus, if a force ¥ is applied to the structure, then the acceleration and
velocity could be found using the block disgram

T 7, 2
Pl KS/y % ‘gl x
e § 3,2
» 2 gssﬁ”n + 8 /wn
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1€, now, a feedback term is introduced which relates eugine thrust to
velocity as in the closed-loop instability problem, then the block diagrmm
becomes

2, 2
F Ko S /“n

1 s 2668/, + S2/u

2
n-—n-d

- K

where for simplicity only a single gain is used in the feedback block.
This diagram can be reduced to the form

2 2
Ko 8 /wn

1+ (22, - KK fu) S/u + 5%/u ]

In other words, the feedback term has changed the effective structural
damping, or yielded a closed-loop damping factor of 2c£u(2€s - leo/wn)'

More complex feedback terms could now be assumed, but each one could be
effectively simplified to the above form to establish system stability.
Thus, Eq. 8 can be used to indicate the response of the closed-loop
system if the damping factor ¢ is the closed-loop damping, Lge

A general solution of Eq. 8 for the displacement, given an initial dis-
placement, ¢, is

where
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clearly, the exponential term, exp (- ﬁzwnt), determines the stability of
the system. Three possibilities exist assuming t >0:

< 0 , system unstable

clwn = 0 , system marginally stable

>0 , system stable

Therefore, if the feedback term reduces the closed-loop damping to a nega-
tive value, an instability will result., Having established that the
system stability is determined by the term

-Go wt
Z = € 2
note that z = - LHuwl
z
so that Lw = - 3 (9)

Thus, for the S-I1I oscillation problem, or any other instability, the
closed-loop damping can be estimated from the slope and magnitude of the
oscillation amplitude envelope, because the frequency (w) is known. Note
that the point of maximum instsbility is not the point of maximum ampli-
tude, but the point where the slope divided by the amplitude is maximum.
Also, for a limit cycle as on AS-504, where the amplitude is effectively
constant , the slope is zero and the system is marginally stable.

Using the above technique, the slope and amplitude of the oscillation
envelopes werse determined from the data, and the effective closed-loop
damping was determined from Eq. 9. The results for AS-501, 503, and

504 are shown in Fig. 29. On flight 504, the maximum instsbility is at

the time when the saplitudes are just beginning to grow (however, at

these times the signal-to-noise level is relatively low and accurate
determination of the slope and amplitude of the oscillations is difficult
and subject to inaccuracies). The system is becoming more stable then
abruptly becomes less stable (corresponding to the time when the amplitudes
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rapidly diverge). Because of the limit cycle, the system is marginally
stable for a time, then becomes stable. The results of Fig. 29 indicate
that the closed-loop damping reaches a maximum negative value of (-) 1.0
percent on 504. It is desirable to relate this closed-loop damping to
the system stability in terms of db's.

By definition, the loop stability in db's is

dv = 20 logw (open-loop gain)

= 20 logm {output/input)

Referring to the block diagram with the feedback term included, the input
is F and the open-loop output is

K S/w
output = F >
1+2t; S/w +S/wJ

At the zero phase point, szlmn2 = -~1.0, therefore,

F(-KD) (Kl) ) F KOKI
-2 Cs Wy 2 (’s W

output =
n

Therefore

db = 20 logm (KOKiIZ &5 “’n)
But 2Lp = 2 é:s - KoKl/mn
So that

K0K1/2 uﬂ = (CS - CQ)

and

db = 20 xogm (Ei;-&)

8
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For AS-504, the closed-loop damping factor reached a minimum value of
=1.0.  Assuming that the structure had 1.5-percent damping, then the max-
imm instability was

db = 20 log), ("5‘ ‘1‘0) = 4.5

Or if it is assumed that the structure had only 1.0-percent damping at
this frequency,

db = 20 lagm 2.0 = 6.0
The other flights can be similarly rated using the data of Fig. 29.

Analo)

 Model of Instabilir

Initisl Model. When the 17-Hz phenomenon was reslized to be a closed-loop
~ instability, the verious elements of the loop (i.e., the structure, feed-
line, and mim)kw‘u not completely defined. In an analog computer
m:. vm:h of these elements must be defined, and the interdependence of
each is amm so that m elnud-lncy ‘system exists on the computer.
Time cm then be varied to correspond with actusl flight time, and the
 system response can be recorded so that sny instability will be evident.
Lmking complete information on the loop elements, & simple analog model
 was est ablished inituuy to study the influence on stability of variws ‘
p eters ummmg in t&m &m 'rhis initial wodel was only appumxe
g , Foum:m these initial studies,
 dynamic ¢ mmptim were expanded to
, ‘snalysis of both ground and flight data,
the model was extended to include the full S-11

, xm tine pwio&
. bum tm ‘

R-7970



The predicted structural modes in the frequency range around 17 Hz were
inaccurate. Some of these inaccuracies were discussed in the section on
the flight 504 main acceleration measurements. As a result, the predicted
structural modes could not be used with any confidence, and Rocketdyne
decided to use in the analog model a single structural mode with frequency
and gain characteristics determined from the flight data itself. The
acceleration of the center engine and LOX tank bottom, the chamber pres-
sure (representing the force), and the phase relationship between the
‘acceleration and force were all known. Assuming a single structural

mode, which is equivalent to assuming that the structure can be repre-
sented by a mass-spring-dashpot system, then the acceleration of the struc-
ﬁm caused by a force F is given by

Qo)

g wal B {5
N “

where M is the ma, w, the rescnant frequency, and ( the ratio of damping
to critieal m&m for the structure and S is the Laplace operator, or

- fﬂ” ,indam@m variable. Thus, the structure is defined by three param-

eters: M, wy» and £. The damping coefficient is assumed to be known
and was set equal to 0.015, or at times to 0.0l. Knowing the phase angle
batmm the force and accaleratim, the resonant frequency can be deter-
‘mined as mls ii 51 'ted in Fig. 7. Using Eq. 10 and. the actusl data
for the amplitudes of & and F, the valus of M can be determined for any
point in time _complete structure is defined by a resonant

ﬁ mgim No. 5 acceleration are in phass through-
; large 17-Hz oscillations. Therefore, if Eq.10 is used
%o define the structural acceleration of engine No. 5 (X), the LOX tank
bottom Amlwmi i m;b‘ found by using a single gain factor, K, which
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relates the amplitude ox iLTB to 'is as a function of time. The ligquid
ievel in the LOX tank is also varying with time,and this variation is
included in the analog mode). The approximations tu these flight results
that were used to define the structure are shown in Fig, 30.

The next major element in the loop is the feedline system. Initially,
both the LOX and fuel-sive feed systems were included in the model. How-
evey, the fuel siae was shown to have a very small influence un the sta-
bility and, therefore, all attention was directed to the LOX side. Since
the LOX feedline dynamics were not known in the first psrt of the study,
a very simple model was assumed consisting of a single inertance (Ll} and
@& compliance (Bl)‘ A schematic diagram of the feedline is shown below
with significant parameters defined in the diagram. Using these symbols,

Oht
Pe = =g L8 an
Dth dVl
(Pe-Posdh = 5= & 12

Pos * Q‘L ('."os * —-TS - c'od) (13)

Funp
CAVITAT 10N)
DYNAMICS
(o)

whare o is the specific weight of the LOX, v1 is the velocity of the flow
relstive to the duct, A is the area of the feedline, % 4 is the pump dis-
charge flowrate, and § is the Laplace operator (5 =d/dt, where t = time).
Equation 12 can be written as

Poo= Py = by SN (14)
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v
where L is the inertance (= hy/Ag) and &os = PAV,. InEq. 13 the
discharge flowrate, i'od' is dependent upon the effective resistance of
the engine. This flowrsate is determined from the engine transfer function

so that

. 8\'!04
¥od ® S Pos (15)
o8
Thus, Eq. 11, 13, 14, and15 describe the feedline and pump cavitation
_ dynamics and couple these to the structure through "is and % .o  Note
that this portion of the loop is equivalent to a fluid mass, represented
by “1" sitting on & fluid spring, vepresented by sl, and although it is
not cbvious yet the real part of aw,,/3P,  represents damping caused by
the engine.

The vemaining element of the 1loop is the engine, The one engine transfer
function has been introduced slready; thz other is the transfer {unction
relating engine thrust to LOX pump inlet pressure (3F/3P,,). This trans-
fer function was established through engine tests using a positive-
~displacement pulser on the inlet line. Initially, outboard engine effects
were included in the model, but both the model and flight results revealed
- that the outboard engines were not contributing significantly to the 17-Hz
- problem.  The curve fits of the engine transfer functions used in the ana-
log model are shown in Fig. 31. The NPSH and PU valve position correspond
to conditions near the region of instability on AS-504. Under these con-
 ditions, the pump appesrs to be rather nondynamic, particularly the gain.
' »(Tu ‘convert the gain of Pc to thrust use the relationship: thrust = 320 *pP o)

_ These component elements can now be combined to form the closed loop. A

~ block diagram of the loop is shown in Fig. 32. The structure is primarily

 from Eq. 10 the feedline from Eq.11 through 15. The block diagram of

_ Fig. 32 represents the analog model used to study the parameter influence

“on system stability. Essentially every parsmeter indicated in Fig. 32
was varied, and its resulting influence recorded. These results will be
presented ‘bﬂw.‘%
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The equations ',‘fér the feedline dvhamics can be rewritten and put in
udfifﬁéfém form. The result is shown in the block diagram of Fig. 33,

In this aiégran the inlet line resonant characteristics are more obvious.
The ‘resonant frequency of the line is

wo = BT rad/sec (16}

and the role of 3w /3P . as a damping factor is evident. The magnitude
of B, was varied over 8 large range, and the resonant frequency varied
accordingly. As a reference case B) = 180 in, was used which probably
represents an upper bound.

o aniaoe 2 2
Li w,fxa »u 0.003 sec™/in.

s 20 were used, which would yield an inlet line
ine feedback transfer function gives an
rcent if £, = 13 Hz and of sbout
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To establish the effect on the stability of the various parameters, a
gain factor was inserted into the loop, time was set at the point of
maximum instability, and the gain factor adjusted until the system was
marginally stable. The relative value of the gain required to make the
system stable would then indicate whether a parameter change was stabi-
lizing or not. In Fig., 34, the effects of changes of some of the gains
in the loop are present~d. The abscissa for the curves is the magnitude
of the parameter divided by its normal magnitude. The ordinate is the
gain factor required for marginal stability divided by the gain factor
using the normal magnitude of the parameter. Thus, every curve is forced
to go through the point (1,1).

The stability is directly proportional to the magnitude, or gain, of the
structure (1/M) and of the engine transfer function (3F/3P,5). This is
readily seen from Fig. 32 or 33 becsuse the total gain around the loop

is directly proportional to these gains. The influence of the fuel side
on the stebility is seen from the curve for aF/ans to be extremely small.
A factor of 10 change in the gain of 3F/3Pg, results in only a 10-percent
change in the stability margin. The system is slightly more stable if the
gain of M, /3P, is increased. This is best understood by comparing Fig.33
which shows that increasing this gain increases the feedline damping, thus
decreasing the total loop gain.

The effect of the portion of the loop involving the LOX tank bottom is

only partially vevesled in Fig. 34. This figure indicates that the change
in the gain {K) of LOX tank bottom accelervation has a small effect compared
to & ﬁhmp in m m&n (wu) mcr, the actual value of 1/M was aewr-

; ‘,A,‘“:«mémi. The significance of the value of X, or h_,
on the smu ty mt, therefore, be qualified. The result of Fig. 34 mesns

that if the gain of the structure st the cruciform beam could be kept at

the same level, and the transmission of the gain through LOX tank bottom

acceleration to the fluid could be independently reduced, then the effect
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of the reduction would be as shown. Or, stated more simply, the system
could be unstable with no tank bottom acceleration if the cruciform beam
has large acceleration.

The next parameter to be considered is the LOX pump inlet compliance, Bl'
The reference value used, Bl = 180, was considered to be an upper bound,
thus only lower values were investigated. The effect on stability of Bl
is shown in Fig. 35, As B1 decreases, and in accerdance with Eq. 16 the
feedline resonant frequency decreases, the system becomes more unstable.
The instability occurs at or very near the structural resonant frequency
which for the model at this time is very nearly 15.9 Hz. The maximum
instability of Fig. 35 occurs when B1 = 30, fo = 15.9 Hz; i.e., when

the feed.ine resonance and structural resonance are the same. As the
feedline resonance drops below the structural resonance, the system
rather rapidly gets more stable. This stability is primarily achieved
through the phase relationships around the loop. On flight 504, the
actusl instability occurred at 17 Hz, thus the feedline resonance would
have to drop a few Hertz below this value to achieve stability. One means
often used to reduce the feedline resonance below the structural resonance
is to add an sccumulator to the feedline (Ref. 2).

One further effect was noticed using the single inertance-cowpliasnce for
the feedline dynamics. The portion of the loop from 35 through to F
appeared to have a larger gain than was seen in flight. This is indica-
tive that there are either nonlinearities in the system which are not in
the model, and/or the feedline dynamics are not adequately described by
such a simple model. A more complex model was Introduced and is described
below.

The phase angles of the two engine transfer functions were also varied
with the results shown in Fig. 36, Varying the phase of apc/apos does
not render the system significantly more unstable, but large chaanges in
the phase angle can render the system phase stable. There are regions of
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phase lag in which the effect of aﬁod/aPos is not shown because the feed-
line has its own instability, at a higher frequency, in these regions.
This instability is not necessarily a characteristic of the engine system
or of flight at all, but only a characteristic of the particular curve
f1t used for the transfer function and the simplifications used in the
snalog model. In these regions, the feedline appears to have little, or
no, damping, but this condition is obviously not a flight characteristic.

Updaied Analog Models. As analysis of flight and ground data continued,

information was obtain.d concerning the structure and the feedline dynamics
which was incorporated into the analog model. Some of these variations
were made simultaneocusly, others being added individuallv. The various
changes will be described, and their effect presented in chronological
order,

The structural data presented in Fig. 30 were changed so that the model
was in better sgreement with the flight data. The new model representa-
tions are shown in Fig, 37. Using these new data, the model resulted in
a system instability at a later time, the instability occurring at approx-
imately 500 seconds RT, just past the peak in the gain curve. This time
of instability corresponds much closer to that of flight.

The inlet line compliance, Bl, is primarily associated with cavitation

st the turbopump inlet. Thus, the value of B1 is characteristically rep-
resented as a function of the steady-state NPSH value. To attempt to
model this type of behavior during tle large variations associated with
the ins=ability, the magnitude of Bl was made to vary with the instantan-
¢ous value of NPSH rather than the steady-state value. INPSH. the net
positive suction head, is given by: NPSH = 144 (Pos - Pv)/o, where Pos
iz total inlet pressure, PV is the vapor pressure, and Pthe specific weight.
The magnitude of B1 varied linearly from a value of zero at NPSH = 0 to
some predetermined value at NPSH = 60 feet. The predetermined value was
veried to determine its influence on system stability.
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The above variation of Bl acts as a nonlinearity in the system. ' Its
effects were threefold. First, the nonlinearity acted to limit the
amplitudes during the instability although the limiting was not as nro-
nounced as indicated in the flight data. Secondly, the freaquency of the
instabilitv dropped a few tenths of a Hertz as the amplitudes began to
diverge during the instability. A similar drop in the frequency was noted
in the flight data. There is some indication that the drop in frequency
could be caused by a shift in the structural mode at which the instability
occurs, but the model does demonstrate that the shift could be explained
by the nonlinear behavior of Bl' The third effect of Bl was the change

in the wave shape of the oscillations. These tended to be flattened out
on the bottom with sharp peaks at the maximum values,

Data from ground tests were obtained to determine the value of Bl’ or if
a single compliance was not sufficient, to determine the required dynamic
description for the turbopump termination to the feedline. Data indicated
that there are two resonances required in this dynamic description. There
are several dynamic models which could be used to match the data. The
dynamic model used in the analog model represents a side branch associated
with the turbopump. The electrical analog of this model is shown below
with current expressed as weight flowrate and voltage as pressure,

where Ri = presistance, Li = hydraulic inertance, {:,i = hydraulic compliance,
w = weight flowrate, ﬁe = external input flowrate, and P i< pressure. The
physical interpretation of the model is as follows: with P, = tank pres-

sure and Pos = pump inlet pressure, Ll and R1 are the properties of the
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feedline duct. C1 is primarily the pump inlet compliance similar to l/B1
with the simple model. L2 and R2 represent the inducer, and PZ is the
pressure downstream of the inducer. The side branch is represented by LS’
Rs, and C3 and is only defined as being internal to the turbopump. C2 is
a very small compliance and need not be included. The flowrate *d is the
pump discharge flow.

Both tank pressure, P_, and ﬁe are functions of the structural acceleration.

t’
ht M
Pt =0-§—- xLTB (17)
: %5
W = PA & (18)

The magnitudes of the dynamic parameters are shown in Table 3, and at the
bottom of the table the resonant and antiresonant frequencies of the inlet
pressure relative to acceleration are shown. The Bode plot of Poslis for
case 2 is shown in Fig. 38. To obtain the results of Table 3 and Fig. 38
above 25 Hz, the transfer function awod/apos had to be arbitrarily extended
because no test data were available above 25 Hz. The extension tended to
continue the curves for M:c,.,‘lal’bs shown in Fig. 31 so that at 40 Hz the
gain was 0.323 and the phase was -36 degrees. The only reason this arbi-
trary extension could be used was because of its relatively minor role in
the oversll feedline dynamic behavior. No similar extension could be
applied to avc/apos because it plays a major role in the system dynamics.
{The comparison of these responses to test data is reserved for a later
section.) The total impedance of the branch is given by

P 1+ SR, C, + S°L.C
7. = 2 - 3 3 373 (19)

2, 3
ﬁﬁ“ ﬁd S(C3 + Cz) + 8 RSCSCZ + 5 L3C3C2

The analog model diagram using this more extensive feedline dynamic rep-
resentation is given in Pig. 39.
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TABLE 3

DYNAMIC PARAMETERS AND VARIABLES, LOX FEEDLINE
THREE -COMPLIANCE MODEL

Case No.

Parameter 1 2 3 4
Ll' (sec/in.)2 0.003
R, sec/in.? 0.0133
B, = 1/€,, in.”? 150 75—t 37.5
L,, (sec/in.)? 0.0025 -
Rz, sec/in.2 0.36
B, = 1/C,, in.”? 1000
Ly, (sec/in.)? 0.02 -
RS' sec/in.z 0.3
By = 2/Cy, in."? 100 —f—v 50—t
f1 = first resonance*, Hz ~8.5 ~8.5 | ~6.0 | ~6.0
t‘z = first antiresonance*, Hz| ~12.0 ~12.0 | ~9.0 | ~8.5
f3 = second resunance*, Hz ~37.5 ~27.0 |~27.0 |~19.0

*From P”/ﬁs
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 The results of the closed-loop model analyses with this model were
siniwr in many respects to the results from the more simple model.

The l@np was unstable at approximately the same range time and became
stable again toward the end of burn. The first compliance, C,, or its
inverse 81‘ was a function of the instantaneous pressure Po s* thus rep-
resents & nonlinearity in the system. The influence of this nonlin- _
earity ms slready been discussed. One significant improvement in this
model is that the gain of thrust relative to X; agrees much better with
the flixm data. It was previously noted that in the simple model this

~ epm-—im gein wes much too high. This improvement is probably affﬁscted
by the 1ity of the side branch to receive flow, decreasing the flow
to tim ﬂmm chasber.

‘Im'm;ar mﬁmus on subizity were studied, varying in this updatnd

;mmmr. ,

m inﬁimce of tlw i

\wire determined fros flight
The frequency and gain characteris-
ime for the four modes were presented in
de was assumed to have 1.5 percent of criticsl
 the analog model each mode is represented in the
the single mode was represented in Fig. 39 .
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: a}xe ﬁ;(y"‘“wm gms unstamzz at amrwmmmn
v reaching a 1imit cycle, and then the instability
b1 : peak awlitu&e was resched at 500 seconds
ome typical results in the region of the instability,
T speed is vavied over two regions to permit a count of
dations. The amplitudes in Fig. 43 are asbout
flight 504, but the maximum amplitude observed in

y sensitive. This was noticed to be especially

s in Bl' the pump inlet compliance, ﬂmﬂl

3 was approximately 110 in, 2, If ﬂ! is

few percent, the waxinom amplitude increases significantly.

Because the full bura time is incorporated into the model and the various
structural modes are repmé«nted, the margin of stebility at other times
‘:ln fliﬁm cm e calculated, Of mm?se,‘ this pargin of stability at any

”as goml as the represenmtion of the various elements

{in F g' 44 Th@se results indicate that tha system

dh atuhls thruughout the burn time.  The frequency

indzaat&a that the node closest to being
h,a ses:ong! mode as defined in Pig. 10,

‘1iaﬁce.;83‘ Th¢$@~:¢ﬂux“‘ 
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that the accumulator was placed at the pump inlet, the feedline-pump
dynamic model would appear as represented below. The accumulator appears as

a side branch with an inertance, I’a’ and a compliance, Ba = llca. The
design objective for the accumulator is to fix its resonant frequency

(fa = ‘/Ti:?f;/zuﬂz) at, or near, the frequency which is to be eliminated.
Because the accumulator is a branch on the line, its resonance acts as an
antiresonance for the main line. The important characteristic of the
accumulator is then its rescnance.

Initial concepts for an accumulator on the S-1I feedline consisted of a
helium gas volume of approximately 200 in.s connected to the main duct by
30 holes of 1/2-inch diameter and 0.07-inch length. Using these values,
the accumulator characteristics were calculated

L, = 0.07 » 16 WAST = 2.17 + 107 (sec/in.)?
3 («%) 386 * 30

p, = L8 (89) 1728 _ 4 5 40,

€ = V8.2/2.17 * 1077 /27 = 31.0 Hz

@

where the static inlet pressure was assumed to be 40 psia. This fre-
quency is higher than 17 Hz so was treated as an upper limit of the reso-
nance, and this and lower values were used in the analog model. Using
this accumulator eliminated the instability completely. The branch inert-
ance was increased to determine at what value the instability returned.
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Raising the inertance, of course, results in a lower resonant frequency
and makes the accumulator less effective at higher frequencies. It was
found that the inertance could be increased by a factor of over 20.0, or
that the accumulator resonant frequency had to drop below about 7.0 Hz,
before the instability reappeared. Thus, the inlet line accumulator can
stabilize the system based on current knowledge of the system components
by developing a system antiresonance which reduces the gzin of the closed
loop.

A comparison of the effect of the accumulator on the feedline resonances
is of interest. Table 3 had presented the resonances and parameter values
without an accumulator. Table 4 presents the first two cases with the
accumulator. Figure 46 presents the Bode plot of Pos/iS for case 2 with
the accumulator and can be compared with Fig. 38.

TABLE 4

ANALYTICAL LOX FEEDLINE RESONANCES WITH AN ACCUMULATOR

Parameter 1 2
First Resonance, Hz* 7.5 7.5

First Antiresonance, Hz* 31.0 31.0

Second Resonance, Hz* >50.0 >50.0
*From PosliiS

**Same cases as presented in Table 3 except
accumulator added

This concluded the analytical effort using the analog computer model.

If more exact information becomes available concerning the feedline-pump
dynamics and the structural modes, further work would be performed to
analyze more completely the system dynamic response.
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LOWER FREQUENCY OSCILLATIONS

There are two frequencies below the 17- to 18-Hz frequencv which are gen-
erally present in several of the parameters during the S-I11 burn time.
These two are (1) the subharmonic of the 17- to 18-Hz data, and (2) a 10-
to 11.5-Hz oscillation. These two lower frequencies have not been char-
acterized by large amplitudes in any particular parameter, but they are
the frequencies which are transmitted to the command mulule and are felt
by the astronauts during S5-II boost. (The 17- to 18-H: oscillations are
not seen in the command module data.)

These two frequencies are in the frequency range of thc first three struc-
tural modes predicted by NAR Space Division prior to flight AS-504. These
first three modes are shown in Fig. 47. The oscillations at the 10- to
11.5-Hz frequency are suspected to be the ringing of the structure at the
second or third mode resonant frequency. The oscillations at the sub-
harmonic are probably generated by sloshing in the LOX tank, the sloshing
frequency of a liquid in a tank being frequently at the subharmonic of

the frequency of longitudinal vibration of the tank bottom according to
Ref. 1.

On flight AS-501, the body modal radial aft and forward skirt accelerometers
showed a subharmonic of the 17- to 18-Hz oscillations starting at RT 450
seconds and lasting until 500 seconds. Comparison of these times with
Fig. 20 reveals that these subharmonic oscillations were present through-
out the time of the largest oscillations at 17- to 18-Hz. The body modal
longitudinal aft skirt accelerometer also experienced the subharmonic
oscillation beginning at approximately 480 seconds RT, but this accel-
ercmeter response shifted to 10.5 Hz at 510 seconds, probably representing
the second structural mode. At the same time, the body modal latersl aft
skirt accelerometer changed from the subharmonic frequency 1o a 7-Hz fre-
quency, probably representing the first mode of the structure.
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On AS-503, the accelerometers at LOX tank bulkhead, engine I and 5 thrust
pads, and body modal longitudinal at forward and aft skirts show a pre-
dominant frequency of 11.5 Hz early in the S-II burn time (370 seconds RT).
Beginning at 450 seconds through 490 seconds, the 17.5-Hz oscillation
and its subharmonic were apparent in the accelerometer data. These accel-
erometers had the roll-off characteristic which strongly attenuated the
17.5-Hz amplitude so that it did not appear to predominate as much as it
did on the engine pressure data. This is illustrated in Fig. 48 which
shows the frequencies of LOX pump discharge pressure on engine No. 5 and
the acceleration at the LOX tank botton for various times. Then, as time
increases, the 10.5- to 11.0-Hz frequencies again become predominant.

On AS-504, the 9- to 10-Hz oscillations were apparent on some accelerom-
eters prior to the buildup of the 17-Hz oscillations; these earlier oscil-
lations are shown in Fig., 49. After the 17-Hz oscillations became so large,
the subharmonic was predominant in the skirt accelerometers and the 17-Hz
data in the engine and tank bottom accelerometers as shown in Fig. 50 .
Figure 51 shows the engine No. 5 chamber pressure measurement filtered

from 5 to 12 Hz, The 17-Hz data are still very apparent although atten-
uated because they are beyond the range of the filter. However, the pri-
mary interest in Fig. 51 is the data at approximately 516 seconds RT which
have every other cycle at a low amplitude, probably indicating the presence
of the subharmonic,

Because the subharmonic frequency is related to the 17-Hz frequency, elim-
ination of the latter will also eliminate the former. However, the 10.0-
to 11.5-Hz data have no apparent relationship to the 17-Hz data.

ENGINE STRESS AND RELIABILITY PERFORMANCE

All of the coupo’mts' in the J+2 LOX high-pressure system from the turbo-

pump to the thrust chamber were reviewed to determine the allowable pres-
sure amplitude at 18 Mz for safe operstion for 365 seconds. The results
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of this analysis are given in Table 5 . Allycomponents are safe w der
the loading of flights AS-503 or -504, the thrust chamber assembly having
the lowest margin of safety.

A shift in engine No. 5 performance during the 18-Hz oscillations has
already been discussed. The performance shift appears to be a result of
cavitation at the LOX pump inlet with no other detrimental effects from
the large oscillation amplitudes. If the chamber pressure oscillations
exceeded 100 psi, p-p, adverse combustion phenomena could occur; e.g.,
main chambey injector degradation or gas generator flameout.

The one other area investigated relative to engine reliability was the
ability of the engine to withstand the longitudinal g levels experienced
in flight and the margin of safety. The only actual data available are
the flight data which indicate that the engine can successfully withstand
g levels as large as 24 g, p-p, for a short duration. A Rocketdyne
study indicates that the J-2 engine is capable of withstanding 40 g,

p~p, in the longitudinal direction at 17 Hz. This study included the
major components with the limiting component being the electrical control
package mount strut. A factor of safety of 1.5 was maintained on all of
the components. Secondary lines such as control lines and electrical lines °
were not specifically evsluated,
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PROPOSED SOLUTIONS

Two objectives must be kept in mind in determining a solution to the
oscillation problem. First, obviously, the solution by definition reduces
the instability at 17 Hz. Second, howevef, the structure involved is
characterized by a set of structural resonant frequencies, and elimina-
tion of a 17-Hz oscillation by shifting a feedline resonance must not ve-
sult in an instability at another frequency involving a different mode.
Thus, the proposed solution cannot be assumed to be useful until both
of these design objectives are met.

The first recommendation for eliminating the 17-Hz problem was to cut off
the center engine early (early CECO). The closed-loop instability has
occurred on every flight near the end of burn, seemingly being a function
of the LOX level in the tank. ®hasc relationships between the chamber
pressure and sccelerometeor meassurements have shown conclusively that the
center engine is supplying the energy for the instsbility. Thus, cutting
off this engine early is the most definite elimination of this instability
during the latter part of burn. As a result of this recommendation, the
center engine was cut off spproximately 30 seconds early om stage static
test §-11-8. There was s marked reduction in oscillation smplitudes at
17 Hz afrer the sarly CECO, snd no spparent increase in asplitude in the
lower frequency ranges. Thus, this solution was implemented on flight
AS-505, snd agsin was successful in eliminating the instability.

A second proposed solution which has received some investigation is

use of & gas~-filled accumulator on the center engine LOX feedline. Be-
cause the accusulatoy is not s Rocketdyne design, no attempt will be made
here to present design specifications but, pather, only & general discus-
sion of design requirswmnts will be presented. The sccumslator has an
associated inertance and compliance which, combined, define the accumiistor
resonant froquency. Because the asccumulator scts a8 8 branch on the main

R-7970 109



line, its resonant frequency is effectively an antiresonance relative to
oscillation transmission in the main line. Thus, ihe design objective
for attenuating oscillations at a given frequency in the main line is to
design the accumulator resonance for this same frequency.

Of course, the addition of an accumulator on the line affects the response
at all frequencies. The accumulator gives an antiresonance on the main
line at its design frequency, but the main line will still have resonances
at frequencies below and above this design frequency. Thus, a second de-
sign objective for the accumulator is to make the compliance sufficiently
large to get a broad-band response from the accumulator. In other words,
the resonant frequencies of the main line are shifted much below and much
above their values that were obtained before adding the accumulator. For
the S-I1 problem, the first structural mode of the stage has an analytically
predicted resonant frequency between 5.8 and 7.6 Hz during flight. The
addition of the accusulator to the feedline should yield a feedline reso-
nance below 5 Hz, and the next resonance above 30 Hz.

In the section of this report on the “Analog Model of the Instability,v
the inertance, compliance, and resulting resonance for an initial accumule-
tor concept were given. These values were

L, = 2.17 107 (sec/in.)?

€, » 1.0/8.2 in.?

’ » » nt

fa » 31.0 Hz
Using these values, the first resonance for the feedline transfer function
(?%!ﬁs} was at 7.5 Hz with the sstivesonance at 31 Hz and no other reso-
nanece until above 50 He (see Table 4. Thiz is scceptuble as far as the

response at 17 Hz is concermed but could result in a probles with lower
structural modes.
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The latest accumulator design being considered for the flight vehicle
gonsists of o helium gas volume of 850 in.3 connected to the main line by
forty-four, 5/8-inch-diameter holes of approximately 0.65 inch length.
Approximate calculations for the inertance, compliance, and resonant fre-
quency for this sccumulator yield

L (Sllﬁ)lsw +0 .65
8 (wm (5/8)% (386) (44)

, - L0850 = 0.519 in?
1.66 (1728) (40)

f‘ = (1/27) ,/1.0/1.368 = 16.7 Hz

= 0.176 .10°° (sec/in.)?

A frequency rvesponse of the feedline transfer function using the above
value of C and t. was performed and the results are shown in Fig. 52,
The first: mmma is now as low as 4 Hz and, at 6 Hz, the phase shift
iz alveady spproximately 180 degrees. The accumulstor has a broad-band
response which should eliminate any closed-loop instability on the §-11
stage.

Thers is ote problem with the accumniatoy which needs to be mentioned
bere and which would have to be answered before actual use of an
sccumilator. That is the related problem of when to £i11 the sccusula-
tor with helive aml ‘how much helium will be bubbling through the engine.
For mw@m m M enpine could not be successfully stazted if thers
Nan any performance 3@&9 of the 10X eagine during the stagt transiem:
because of mxm ﬁm thyough the engine. Howsvey, if the scoumiator
i,s mm uith Mﬁw after the engine has started, then the feedline

‘ . Fregquens wﬂ% be dropping through all the lowsr structural
m mﬂm m fiﬁw process. Thus, there will be a brief pericd
during which the potemtial for 8 closed-loop instability exists involving
several modes. It fe gpenerally true that early in the burn time, the
structural gains ave low S0 that mo instability may sctually be realized.
Bue the W here iz only to point out the potential probles whick
would require further study.
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ENGINE AND FEEDLINE DYNAMIC CHARACTERISTICS
INTRODUCTION

The 17-Hz oscillation problem has been shown to be a closed-loop instability
involving the structure, the engine, and the feedlines. The coupling between
these major components is shown by the sketch below., In a case like the S$-1I
stage which has several engines and both oxidizer and fuel feedlines, there
are multiple blocks in parallel of the same type as shown in the sketch.
Because the instability is a loop characteristic, each of the elements
represented below must be defined sufficiently to determine this loop charac-
teristic. Rocketdyne has no direct participation in the development of the
structural portion of the loop but is responsible for the engine, and be-
cause the feedline dynamics depends on the feedline itself and the tuxbopump
dynamics, Rocketdyns shares responsibility for this portion of the loop.

The present section of this report describes Rocketdyne's efforts and their
results to establish the engine and feedline dynamic characteristics.

Thrust = Acceloration = Suction Pressure =
% Feedline mp’ ._]
Engine

A detailed description of the engine block diagram with the included turbo-
pusp dynamic termination of the feedline is shown in Fig. 53. This partic~
ular vepresentation was used in Bocketdyne’s initial efforts to define the
enagioe dynanics as veported in Ref. 5. The engine itself consists of six
tranafer Tunctions vepresented by partial devivatives. Using this particslsr
representation, all six transfer functions and the pusp dynamics must be
defined for the complete description. For the J-2 engine, the LOX side

kas & moch stronger effect on the engine dynamics {o.g., a8 would be
measured by thrust response) than the fuel side. This was confimmsd
recently by cowparing test dats fros Rocketdyne and MSFC. Rocketdyne
pulsed only the LOX side of a J-2 engine, and HSFL giwbaled the sngine to
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get simultaneous inputs to the fuel and oxidizer systems. The resulting
ratio of the dynamic component of thrust to LOX suction pressure was nearly
identical for the two types of testing, indicating little or no effect
resulting from fuel side oscillations. Analytical efforts have also in-
dicated this same result,

The resulting simplifications, if the fuel side effects are considered
negligible, are obvious. For example, in Fig., 53, only the LOX pump
dynamics and two of the six transfer functions are then significant, these
two being 3F/BP°s and 3w /aphs. However, an even simpler block diagram
can be derived under these conditions. In Fig. 54a is shown an engine
block diagram of equal validity with that of Fig. 53. With the simplifica-
tions this reduces to the diagram of Fig. 54b. These two transfer functions
were determined experimentally using an inlet positive displacement pulser.
Based on these inlet pulsing tests, the tramsfer functions were corrected
from the older values determined from discharge pulsing (Ref. 3 ). The
other four transfer functions which were not determined experimentally in
the present test program were corrected to reflect similar changes as for
the two that were measured. This test program and the results cbtained
are described below.

A simplified block disgram of the feedline dynamics is sketched below.
P is pressure; ¥, weight flowrate, with subscripts t and s referring to
conditions st the tank and at the pump inlet.

pt Ps
——1 LIne TRANSFER FUNCTION 6
*t ¥s
External Input,
Ve
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The line transfer function at low frequencies could be as simple as a
single inertance and resistance, and in fact this scems adequate for the
LOX center engine line on the S-II stage. In this case

Py = Pg = Rb + LSk,

ﬁss wttwe

where R is the resistance, L the inertance, and § the Laplace operator
{= d/dt). The termination transfer function, G, incoporates the pump
dynamics and, to some extent, the influence of the pump discharge system.
Thus, G can become very complex and for the most part must be determined
experimentally. Both Rocketdyne and MSFC have tested to determine the
feedline dynamics which can be expressed as a transfer function G. The
Rocketdyne test program and results and a comparison with MSFC results
are presented below.

ENGINE PULSING PROGRAM

An engine pulsing program was initiated at Rocketdyne shortly after the
appearance of the 5-1I1 center engine oscillation problem on vehicle 503,
The tests weve set up to permit introduction of a LOX pump inlet flow
oscillation as an external input and to measure the resulting response
of the engine system. The purpose of the test program was fourfold:

1. To attempt to reproduce the large pressure oscillations cbserved
in €light 503.

2., To compare a simulated flight 10X pump discharge pressure
weasurenent with a close-coupled measurement of the same pardmeter.

3. To define the operating region of pump self-excited low-frequency
oscillstions,

4. To determine the pump and engine transfer functions, MM/AP 05"
MMMN. and m’c/wu over a wide range of operating conditions.
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The First three obiectives were met by a few initial tests, more extensive
tenting being required o map the transfer functions.

& coment % in ovder here concerning the need to detemming the tramsfer
functions. I 1965, Rocketdyne was given & contract to determine J-2
engine tvansfer functions. At this time, Rocketdyne recommended o program
for pulsing the inlet to the puwp, but this requived design and fabrication
of inlet pulsers. Hooketdyne was given ths go-shead to fabricate the inlet
pulssrs, but in the seantime to use a pusp discharge pulsing system, which
was slready available, to get estimated transfer functions. Thus, a pulse
is introduced in the discharge system which is transmitted both upstream
and downstress, and the resulting system response is measured. However,

to adupt these resuits for use in a stability model where the input is an
inlet pulse, 8 dynumic model of the engine sust be assumed and the model
parameters selected to fit the dischavge pulsing data,

The discharge pulsing was performed, and a dynamic vodel was assumed which
git the data. The dats clearly required more than a single pump compliance,
and an in-line complisnce-inertance-compliance model was used (Ref, 3 ).
The sodel provided s good fit of the test dats snd was, therefore, an
adeguate model to define the system response, given a discharge pulse.
However, thexe ave other dynasic models which would give the same response
10 3 Jdischarge pulse but not the same response to an inlet pulse, and with-
out actual inlet pulse data thers is no way to detersine which dynamic model
s parrect,

The inlet pulsers were developed by Decesber of 1968, hur the decisicn was
‘made at that time to proceed to use the transfer functions based on discharge
prlsing rather than verifying these with an inlet pulsing progras. This
decision was based largely on the fact that the POGO stsbility model was

so stable that large varistions in the engine transfer function produced
_mo imstability. Just before flight AS-503, some tests ot MSFC gave some
indication that the existing emgine transfer functions wers not adequate

for defining eagine response with an inlet pulse. Thus, the necessity of
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Joo engine J-025-3 was made svailable for testing early in Januiry 1960
an the V1538 test stand at the Santa Susana Field Luboratory. A hydrau-
Hieally actusted piston-type pulser (Ref. 4) was used for inlet pulsing.
This pulser had been specifically designed and built for J-2 LOX feed

~ system flow pulsing as part of the POGO effort of 1965, Special instru-
~ mentation wes installed and all dynamic measurements were recerded on
high-frequency magnetic tape.

Figure 55 presents o sketch of the J-2 engine LOX feed system showing the
locations of primary dynamic messurements. All Phototenstype transducers
‘were flush mounted while the data sensors were close~coupled (approximately
- 1/2 inch recess from the duct inside diameter to the tramsducer diaphrags)

_ except as noted. Table 6 presents a list of measurements recorded on
_magnetic tape, Some of these parametors as well a
e apled as a part of the normal Beckman

§

5 many other Tows &Txfmmmiy, -




S3591 B[R T-p 403 UDIITIUAKNIISG] 3O yRIeNs ‘o oandiy

R-T7S70

130



wﬁ%«” »»ﬂﬁaw

apos il

T m&mﬁmx«m
© o wasesoagy
%mﬁm wt tasdy

%wmﬁ 114}

w198 | (44) 1 on samsseag worvafu) Xo1 uten|

ssanssazd woriselur o1 15v 10M

0 ¢ o e

(o)tsa) g vrew|
(50} sanssazy stavyostg deng yo1

(adng)(5q) samsEazg IV N1 ewtluy)
{adng) wiitseq dasing Tweaphn!

(adng} 1 oK Qm? b wb@gwmﬁwuﬁ

aeyemozataddy eIy dang wm.a m ‘o .ﬁu&@m&ﬁ

EPIMOIBTIII 1INV g mﬁ uﬁ S0

{1eusis mey) Emm ”,&m ﬁﬁu&
{1eufite wey) #O14 w1 u@%@m




. undertaken to éaum” '

-ﬂw 32 engine response to L% puse inlet Flow
disturbances in the 10- to 25-Hz Froguency runge.  The operating parameters
vavied during the mapping effort wers LOX pump availsble NPSH and B¢ (pro-
Cpedisnt wtilisetion) walve posttion. Dats were taken at svery 5 feet of
LUK pusy HPSH Detween 15 feer and 60 feet and at PU salve positions of

full open, 10 Jdegrees from full open, null or center tap, snd i) elosed.

Discharge pulse tosty were undertaken to whcover sny possible sonsitivity
ol the 10X feed systen to heat exchanger flow oscillations or other dis-
charge flow disturbances,  The discharge pulse was obtalued wsing an osedl~
faving bleed valve,  Several tests wore run at various bleed flow escilla~
thon seplitudes. However, in sll the tests the pulse amplitudes weve not
amplified by the engine and weve small enough to be insignificant, and it
was coneiuded that £1ight oscillations were in no way connected with an
instebility resulting fvom the heat exchanger flow. No further discussivs
of these perticular vesults will be presented.

. Finally, several PU effects tests were run where repid PU excursions were
~ undertaken with the inlet pylser operating at various frequencies. These
. ﬁ mm ;«wim tmt data over s continuous PU valve excursion. A complete
o | e tests mtlming c:mit:inm and &umm is




TABLE 7

SUMBARY OF J-2 ENGINE TESTS WITH PULSING ON LOX SIDE

Tost ml , Description

$16-011 | Attewst to duplicate AS-503 oscillations, and establish ene

polat on mepping metyix

<12 | Attempt to duplicste AS-503 osciliations

~013 | Napping test® with inlet pulsing frow 10 to 25 He

~014

018

-016

«017 ‘

=038 § No pulsing dsts becsuse of pulser probiems

~018 | Mapping test with inlet pulsing from 10 to 25 H:

«020 § Repeat of Test No. 316-013

<021 1 Ne pulsing data becmise of pulser problems

«022 | Discharge pulsing test using servovalve downstresms of heat
| Discharge puisiag tost using

=025 | No pulsing 4ata becsuse of electrical problems
~024 | PU valve sffects test. Rapid excursions of PU valve while
: § inlet pulsing

028 ; me pulsing with heat exchanger bypass system

| mapping test with iniet pulsing from 10 to 25 Mz

ng test

with ialet pulsing from I to 30 Hzr snd P valve

i

, od values of NPSH and PU valve position are shown
Table “*m ¥alues obtained are shown in Fig.A-1 through A-7
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Tagie 8

CRIDIZER INIETY PULSE TESY MaTRIX

P Yalve Position
LOX NPSH, | Pull | 10-Degrees Full
feet  1Open |  Open Null Closed
60 %2.5 016 3o 1 014 (65 feer) X
; 830
56 20.8 o16” 017 014 030
50 2£2.8 13 L 017 014 030
45 22,8 | Ole* 017 a29 o
40 22.% | 016* 017 039 029
35 22.8 013 013 913 b
020 020 a
30 225 gis o 028 02
25 22.5 09 o7 038 e
20 22.5 0ip 038 028 o
1579 019 028 "' *

*Reglon of A 503 center englnw cscilletion
soRogion does ot meet NPSH requivements for msinstage
oppration )
NOTE: 1. Froquency sweep all tests:
811 20 827 W 1o 25 M2 in 1Mo increments, J-second dwell
028 to OS0 A0 to 24 He in 2-H3 increments, 2-second dwell

2. ALL tewts between 1-17-60 snd 2-3-69 at VI9-38
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wecinl m&m were w:mwm wﬁm
e «mn engine inlet :&wmm disturbance of appro:
ak at the input frequency was all that could be aﬂhiwmi

‘ al va ues were lese than 10 psi p-tosp. This limitation was
&M m&it of wimr size snd also the very lavge ares, low lnertia, 10X
inlet line at VIS-38. mm 56 illustrates the LOX facility feed systes
At VIS-38 with the pulser as installed. A further detraction to inlet
pulse amplitude was the requivement of an sngled adapter between the
platon wm and the flow distribution wanifold, This adapter was reguived
to mid o im"fam between the pulser and the J-2 510X pusp. This
more remote location of the piston and the added potential for heat transfer
to the LOX and GOX formation in the piston cavity doubiless reduced its
asplitude potentisl. Because of this limitstion, the effrets of lsyge
asplitude oscillations upon engine response could not be explored, and
m darge mmmm: gxperienced in flight cou’d not be reproduced.

‘ M Mtim&wxiﬂmﬁm was the uncertainty in the dynmsic LOX pump inlet
£ : ‘; ﬂm mw not be measured with uwm&ay. The mma
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M Wm%imﬁy % W& Prteeps They supesr 1o have e detrisental effect
o ; . The aperating veglon dp which aedfeexeited swcils

. ,‘3%%@% m;wwm«w@ wos feund to be a fusction of svallsbie NPSH and

pusp operstisg point [P0 valve posizien}. Figure I3 presests the 5.0

mx m s@i&’wwﬂﬂ iuier pressure ovcillation veglon 88 & fanctiam of
HPOM wnd PO wabve position.  Although this aves 1ios below the fhigw
vebicle opersting region, & pusher of the meppisg Tests were ron in the
seif-eneited vegion. A5 & vesult, sose inlet sulse dare are contemisated
with self-excited ssclilsnions in the s Frogiemiy ssoge end of & sdsi b
splitede.  The tyansfer fusctions wers determingd 3 this region to poe
vide a complete map, but the extent of the effect of the self.sdited
oscillations on the transfer fimctions s ssowrtuin,

The magnetic tape dats weee Anfelelly transoribed ou Brah secords, Wb
divect with s~c coupling and 35-Mz lew-pass filteved, This processing
technigue is velstively fast and was used To get & guick logk at the data
to establish those reglons where the dats appenend oo be goid and 2w
-sstinate trends im m dats. The Beush yecord duate were alse wael o des
dicate regions of wﬂmmitm posp cacillatdons end b sonpune the m&u&%
of ﬁffwm tym M instrumentation sessuving e sane papaeter.

The :mm' wm wm cbtained from data processed by the mm ;

af four apeatval
doude patiss,



o "ﬂw Miu (wla:&vu wlitmm snd relative phase infurmation cbrained ‘
from tiw A-Bar mimm were plotied as a function of frequency. The
reduced data were inspected for points that looked inconsistent; data
 points verified as being bad weve rejected. Causes of bad data included:

3. Insulficlent length of time at 8 stabilized operating condition
sed frequency (typically 2.0 seconds of engine operation were
spent at each frequency for a valid data point)

3. fasufficient sigmsl level

B Nﬂaﬂid noise contamination (such ss oscillations generated
by sosething other than the pulser input)

4. Poor chuice of time segment to perform A-Bar analysis
5. Instrumentation failures

.mtw temoving %ﬂww bad data points, the remaining data points for
: n aﬁm mim W g Mduim were submitted to a digitsl computer
‘ Lt progra The curve-fit program used a con-
' wttaﬁa on both gain and phase to provide
SugEes d trmfw fmutim fmats. Thw,

ardes yt%mm wuh engim mxming
ity sre mir mmmm in the fre-
« ,tn be extrapolated. !a ukmﬂ .




APJM'W The most important transfer function obtained from the engine
pulsing test program was APcIAPm. Two close~-coupled LOX pump inlet press
sure measurements were made, one approximately 4-inches and the other
approximately 3.S-feet upstream of the pusp inlet. Rocketdyne experience
-has shown that & measurement near the puap inlet can give erratic results
because of the inducer backflow and tip-vortex cavitation. Thus, the
measurement 4-inches upstream of the pusp inlet is not considersd suf-
ficiently reliable for use in determining the engine transfer function,
and the measurement 3.5-feet upstream was used.

Initially, it was assumed that it made little diffevence which inlet pres-
sure messuvement was used. This sssumption is valid if the external imput
flowrate is right at the pusp inlet and the total facility inertance is
large compared to the inertsnce of the line between the two measurements.
This can be shown by writing the simplified acoustic equations for the
systen sketched below.

p, [Tong Facitity Line: L,

Py "Jm‘zy‘“’i | (20)
Py -ty u sl ; “;‘tzn
: %“‘z. c e d | czz;v
LR Can

R-7970 129



 From£q.20 and 21

p

. " ?3‘ 8 “l * l‘ﬁ') %

b

1€ now the tank pressurs, Pt" is assumed to be zevo,

: 4 Llal.z

?ﬁ‘f“' I e (29)

which is a constant nearly equal to ane if L, « L.

However, if the external flowrate is input upstrean of P,, but downstrews
of Pl' as in the engine pulsing tests, then

Pe Py

| % §j by
; D

Py - Py = Shedy (25)
St )




Assuming Lxﬂ.f 22 1.0, where Lf is the facility line inertance, then

1.0

P
2
Py T+SLC (31)
and the pressurs ratio depends on the complex pump termination impedance

and the insrtance between the flow input and the pump inlet, Assuming,
by way of exsmple, a very simple function ¢

G = T‘«i&ﬁﬁs (32)

where R denotes a resistance and C a compliance, then

P
1ot e st

Equation 33 represents a simple vesonance so would have a response curve

& wmlew »n -

AN

and the difference vesulting from using Pi vather than a8 true value of
P, could be very significant, '

m Mﬁm. ﬁ. is as difficult to determine as the transfer function
Mﬂ}ﬂm; _ In fact, G is itself a transfer function being equal to o,/
LI ix:w#mx is known and 8P /AP, is required, then

m""*wﬁ‘w; (34)
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Using £q. 31

::J*c APc 51.2 (35)
= 1+ {
E?; K?; T

From the engine pulsing test program, AP‘:/AP1 was determined and these
results are presented in this section., From the LOX pump pulsing test
program, the pusp termination impedance, G, was determined combining both
experimental and analytical techniques. These results are presented in
the section on the pump test program. The combined results making use
of Eq. 35 ave presented in the last section.

In Fig. A-8 through A-37 (Appendix A), Bode plots of the transfer function
Iﬁ‘l!’c/M’m are shown as determined from the pulsing tests. P, is the pres-
sure 3.5-feet upstream of the pump inlet as discussed above. All but two
of the tests were run over the frequency range 10 to 25 Hz and so the data
cover only that range. The approximate average NPSH was estimated from
the actual data of Fig. A-1 through A-7(Appendix A). The data are seen

to be relatively well-behaved and consistent from test-to-test.

For convenience in using these data in stability analyses on computers,
some of the transfer functions were curve fit using a suggested transfer
function format of the form,

AP K(1 s S/2n€.)(1 + 20.8/2nE, + S°/a v° £.2)
c . 1 25/, 2 36
B (e S/2MEY (1 » S/2MEY (1 + 2,8/, + 32/432f52)

The parameters fl’“" fs are frequencies in units of Hz, Ly and Gg are

damping ratios, and S is the Laplace operator or in this case 8 - iw vhere
i s <1 and @ is circvlar frequency. Again, it should be emphasized that
the terms making up the curve fits of the transfer functions do not neces-
sarily represent physical elements in the engine system nor do they neces-
sarily have orderly trends with engine operating point variations. The

curve fits should also not be used cutside the frequency range of the data.
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Even the gain term K should not be interpreted as the real steady-state gain
because the data did not extend to low frequencies,

The values of K, fl, fz,..., fs. ;2, and ¢ are given in Table 9 along

with the approximate engine operating point. (An infinite value of frequency
simply indicates that that particular term from Eq. 36 was not required to
obtain a good curve fit.) The curve fits of Table 9 are also plotted as
dashed lines in the appropriate Bode plots of Fig. A-8 through A-37 (Appendix A).
In every case, the curve fit is seen to fit the data well. Table 10 bre~‘
sents the root-mean-square error between data and the curve fit in gain

and in phase for each of the 12 curve fits of Table 9. The maximum yms

gain error is 1.63 db's and the maximum phase error is 19.7 degrees, and

both of these occur at a NPSH of 35 feet which is near the region of engine
self-driven oscillations.

The effect of pump operating point, i.e., NPSH and PU valve position, on
the engine transfer function is shown in Fig. 57 and 58. In Fig. 57,
the gain of the transfer function increases as NPSH decreases, and there
is a general tendency for it to increase as the PU valve moves from the
closed to the open position. The phase angles do not correlate as well
with NPSH at the open PU valve position, but for the PU valve closed and
10 degrees open, the phase angle is slightly larger for the smaller NPSH.
There also tends to be a slightly larger phase angle as PU valve position
moves from the closed to open position.

In addition to the Recketdyne engine tests, tests were conducted at MSFC
using & LOX suction bleed pulser and gimbal pulsing, and the resulting
transfor function APcIAPin was determined., The MSFC data were generally
in agreement with the Rocketdyne data and in some cases extended the range
of data, but there were some discrepancies as well. The inlet pressure
measurement used in the MSFC transfer function was 2-feet upstream of the
pump inlet (measurement No. D504A) and approximately 1-foot downstream of
the suction bieed pulser. Therefore, Eq. 35 would have to be used to
got the transfer function using an inlet pressure right at the pump inlet,
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TABLE 9

COEPFFICIENTS FOR M":/Al’i " TRANSFER FUNCTION AS A
FUNCTION OF LOX PUMP OPERATING POINT

Pata
No. | feot’| v K f 16 % [ & | fa|f |5
1 60 |Closed | 0.426 | 19.9 | = - 125.3 | 55.3 | 54.9 | 0.43
2 55 |cClosed | 0.412 |17.4 | = - |25.9 | 70.1 | 35.1 | 0.47
3 50 |Closed |0.413 | 7.2 ] = - {13.8 ! 32.7 | 62.4 | 0.4
4 60 |Null 0.58 {11.6{ 45.5 | 0.12 {18.0 | 18.8 | 35.1 | 0.37
5 60 |10 0.63 | 14.3] 29.9 | 0.001)18.1 | 21.5 [ 27.0 | 0.111
Degrees .
From
Open
6 52 0.61 |18.8 | - l21.5 | 27.6 | 29.5 | 0.135
7 50 l 0.81 |« w < e ® 27.8 | 0.34
8 60 |Open 0.98 |239| = - 8.7 | 72.7 | 37.8 | 0.03
9 50 1Open 0.733 7.71 » - 15.4 | 15.6 | 43.3 | 0.4
10 45 |Open 0.89 |18.4] = - }23.4 | 29.6 | 32.8 | 0.29
11 40 |open 0.73 |13.1] = - {19.8 | 20.4 | 29.6 | 0.1
12 35 jOpen 0.91 31.7 ]| » - 15.0 | = 23.6 § 0.06
R-7970
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SUMMARY OF RMS ERRORS BETWEEN CURVE FITS AND DATA

TABLE 10

1
Data
Set Run | NPSH,
No. No. | feet PU (Y €d
1 30(1) { o0 Closed 0.98 | 6.65
2 30(2) 55 Closed 1.14 1 6.7
3 30(5) | 50 Closed 0.86 | 8.0
4 30(3) | s Null 0.74]15.28
5 30(4) | 60 10 Degrees ] 0.93 | 5.46
From Open
6 17¢4y | 52 10 Degrees] 1.12} 3.62
From Open
7 17(3) | 50 10 Degrees| 0.57 [11.62
From Open
8 16(4) | 60 Open 0.64 | 6.59
9 11 50 Open 1.2 112.8
10 16(2) | 45 Open 1.12§ 6.01
11 16(1) | 40 Open 1.14 5.88
12 13(1) ] 35 Open 1.63(19.7
I(gain error)i 1/2

€6 = —— in db's
IL(phase error)i 172

£d = in degrees

R-7970
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where L, for the MSFC data is the inertance between the pressure tap

and the pusp iniet and is approximately equal to the L, for the Rocketdyne
tests. - The MBFC data «ve not preseanted here, but a brief discussion of
their results follows.

At the high mixture ratio, closed PU valve, the MSFC data were in fair
asgreement with Rocketdyne dats. In some cases the amplirudes were a little
lowsr (less than 6 db's) than the Rocketdyne data, but MSFC recommended
(Ref, 5) using the Rocketdyne curve-fit transfer functlions in this region
and to extend the application of these curve fits to 35 Hz. MSFC did rec-
camend use of the transfer function

APc

0.355
o 2 (37)

in |, 20 375
(3 s’

for NPSH = /4 feet and PU valve closed. Rocketdyne did not have good
data at this operating point but the trends of Rocketdyne data would
indicate somewhat higher gain than would be obtained from Eq. 37.

At the null position for the PU valve, MSFC had data at 54 und 44 feet.

The data at 54 feet agreed well with Rocketdyne data as did the phase data
at 44 feet. However, the gain for 44 feet NPSH was low particularly in
the frequency range of 10 to 20 Hz. MSFC did recommend using the Rocketdyne
curve fit vhich was specified for 60 feet NPSH for both 50 and 60 feet NPSH.

The largest discrepancies in the Rocketdyne and MSFC transfer function data
were at the operating point of full-open PU valve, or 4.5 mixture ratio.
The phase dats were gensrally in agreement even when the Rocketdyne curve
fits were extﬂnﬂeﬁ'ia 35 Hz. However, the gains for the MSFC dats were
&ﬁnwtallr‘lanerwhy about a factor of two from the Rocketdyne curve fits.
‘u$ﬁ¢‘rmﬂnlmnndad‘uﬁina the transfer functions of Table 1i  using the same
format as in Eq. 36. These transfer functions are applicable from approx-
imately 10 to 35 Hz. Until the discrepancies between the Rocketdyne and
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. m&c éata can be «wlaimd, it is mcmm that the Rochetdine transfur
_ functions be usmi because they represent the more conservative value.

TABLE 11

MEFC BECOMMENDED COEFFICIENTS FOR &i’c/&?i " TRANSFER FINCTION,
PU VALVE POSITION: OPEN

nesit |k Gl fl% |5 0] K]5%
700 {o.s16] o | o | - o | o |3.6fo.am
60 |o24] « | o | oo Jo |« lsssloas
sove J 0735 7.7 | = | - l1s.a)1s.e)as.5] 0.
4 o7 | & | e -« fawol » 134,10,
0 {01 | » | o | -« |» lisslsazios
5 |10 |« | s7doeas]e | = fas {10
L

*No Rocketdyne data at ihir high KPSH
shSame as mimém

mm Engine Tras afmr Functions. Referring again to Fig. 33, thepe
were s&x tmmw : & 'm mim& for definition of the engine dynsmics.
. Bes ; usly reported (%f 33, the sume six are dis-
are not uwi in xﬁw mmt gx#mm% m W




The values of Aﬁod/A?od and APC/APDd were determined analytically and
verified experimentally. Thus,

Mod o 0.694 [1 s s7mraon] , 4P (39)
%329 [T S7(Z7"8.35)] APOS

Previously, it was assumed thst the LOX pump uynamics could be represented

by a single compliance and that *op = &od' Thus, the above transfer function
was used as an approximat.on to B&op/aPos. However, the model developed
for deriving G (= A?es/ﬁﬁosl from the pump pit tests indicates that wo "W

od’
If the function G is assumed to consist of a pump compliance B and a functien

G°, then

Pos Pos .
l fnlet Line b G = Apgs/Awop
Vo -
8 .. ,

Pos = § Uig, - op)

P w

§2£ s 0w % {1 - Eﬂﬂq

o o8

LV o
. &
Assuming oo influence from the fuel side
= e
W@ k4 &s@ » %‘
T o8 0%
Thus ,

o 1 - SG/B
w,
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_ The diwha;rge pﬁlsing tests gave valid information for inputs from the
_‘high-pressure side of the system. Hence, the fuel pump flowrate varia-

~ tions with chamber pressure (A&fs/tw c) resulting from inputs from the LOX
side is known from the old data,

. -0.00266 [ 1-/(21* 17.3
B g (AP TS/ FE I [+ S/(27 a3.0 (40)

Because AP c/avin, where P, is LOX inlet pressure 4-feet upstream of pump,

is known from the engine pulsing tests, then o s/APi n Can be determined,

Afvfa &w £s AP

¢
= - 41
ZF;; ¢ my;n “n

No new data were determined using fuel side pulsing. In the fuel side
transfer functions using discharge pulsing data, a double-compliance model
was assumed as on the LOX side. Because this double-compliance model did
not give proper LOX transfer functions with inlet pulsing, similar diffi-
culties ave sxpected on the fuel side. Thus, the decision was made to
represent the fuel side transfer functions based on a single-pump-inlet
compliance, but using the data from discharge pulsing tests. The result-
ing transfer functions are

(42)

(43)

¢ i Ihlsm.msams in psi, and thrust in pounds.
nce to be used on the fuel pump is the first compliance
ouble~compliance model. This compliance is shown in
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Because of the lack of test data, accuracy and limitations of these
transfer functions are not known. Low-frequency dynamic effects re-
sulting from pump speed variations have been removed so that the trans-
fer functions are invalid below about 5 Hz. Current POGO studies have
indicated that the fuel system is of minor importance in the study of the
18-Hz problem and can be ignored with negligible error,

Other Results. One of the results established early in the engine pulsing
test program was the region of 10X pump NP3H and PU valve position in which
the LOX pump experienced self-excited oscillations in the low-frequency
range. These self-excited oscillations are commonly experienced in some
regions of operation and are assumed to be strongly associated with cavita-
tion in the inducer. For the J-2 LOX pump, it was known previous to this
test progras that the self-excited oscillations were most frequently in
the frequency range of 14 to 18 Hz, close to the frequency of the insta-
bility during flight. As a result, initial explanations of the cause of
the flight oscillations listed pump self-excited oscillations as the primary
candidate. The testing was to verify the region of such oscillations.

The results of testing have already been presented in Fig. 28 to which the
reader is referred again. The upper bound shown on this figurs was slso
supported by tests st MSFC. The one most important conclusion from the
tests was that during flight the operating point never dropped into the
region of the self-excited oscillations experienced in ground testing, as
can be verified by comparing Fig. 25 and 28.

It was also pointed out previously that the asplitude of self-excited oscil-
istions experienced on the test stands are always low for the J-2 LOX pump.
Usually, the complex wave smplitude was only very slightly larger thas the
general noise level previous to the self-excited oscillations, but appeared
a3 & distinct low frequency im contrast to the broad freguency spectrim of
the noise. Thus, even if the pump were operated in the region of self-
excited oscillations, the large amplitudes observed in flight would not
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be expected. Furthermore, when pulsing the pump using an inlet piston
pulser at the same frequency of the self-excited oscillations, the
asplitudes generally are approximately the same as without pulsing, in-
dicating that the mechanism which causes the pump oscillations has some
amplitude limiting charscteristics. Thus, even if the pump is self-driving
at the structural resonance, there is an indication that coupling between
the two would not cause large smplitude oscillations.

The engine pulsing tests were also used to compare the response of flight-
type moasurements with their long sense line and that of a close-coupled
measurement. Both LOX pump inlet and discharge pressure were studied for
this effect. The data from the study have already been presented in

Fig. 15 , 16, and 18 in connection with the discussion of the validity of
the flight measurements of these two parameters. The sense line on the
discharge preossure wes seen to cause a response higher than the actual
value by a factor as large as 6 to 8 at some frequencies. The sense line
on the inlet pressure measuvement gave a response which was lower than the
actusl value and was amplitude-sensitive.

The long sense line contains stegnant LOX which when it warms up can form
a two-phase mixture. As soon as a two-phase mixture is obtained (and the
gaseous phase is intentionally st the tyansducer end of the line), the line
hes a low resonant freguency as was observed im Fig. 16  for the discharge
messurement.  This sense line must be kept short enough so that even i€ a
two-phase mixture is obtained the resulting vesonance i3 high enough to
still get accurate response. For example, on the J-2 LOX pump, if it is
reguired to get good vesponse at 20 Hz, then the resonant freguency should
not be below 40 Mz, To schieve this, the inlet sense line should be no
move than sbout 4d-inches loog. The discharge line should be no louger

than Z4~inches long, the lomger length being allowed becsuse of the higher
steady-state pressure.
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J-2 LOX PIMP PULSING PROGRAM

During J-2 engine LOX inlet flow pulsing on VTS-38, it became apparent
that LOX pump dynamic behavior could not be derived from these tests
aslone. Not only was one important variable (dynamic LOX pump inlet flow)
an unknown, but potentially significant variables {such as PO valve posi-
tion, pump flow coefficient, inlet line configuration, and pump available
NPSH) could not be independently perturbed. Further, the insbility to
§y nerate inlet pressure oscillations of greater than 13 pai peak-to-peak
made it impossible to gemerate the magnitude of inlet oscillations which
were experienced in flight, Consequently, J-7 engine tests were com-
pleted, and an extensive J-2 LOX pump dynamic test program was initiated
in a component test pit, CTL-1, pit 2.

The purpose of the dynamic pump test program was to generste inlet flow
pulsing data in the low-frequency range for a variety of pump operating
conditions and several inlet line configurations. These data would then
be used to derive the J-2 LOX pump low-frequency characteristics. In
addition, any significant pusp inlet line behavior could be determined.

The CPL-5, pit 2, propellant feed system was modified to permit pulser
installation snd thrwe different inlet line test sections. These sections
wore the S-11 inhosrd 10X pump inlet duct excluding the elbow and sump,

# Rocketdyne inlet duct as used on 5-11 outboard engines and on the 3-1V.8,
and » solid or hard line to be used as a reference.

Figure mwm the gemeral configuration of the pump test facility. A
detailed schematic of the entire test system including dimensions and
dynasic instrument locations is shown in Fig. 6i.
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In ghe CTL-1 test facility, the pump was driven by an electric motor to
persit scourste speed contyol. Pump flowrate (steady state) was con-
trolled by the facility throttle valve in the pump discharge line. The
throttle valve was servocontrolled by an active feedback system sensing
the €light flowmeter output signal. This J-2 flight flowmeter is capable
of responding to dynamic flow oscillations (it was, in fort, used as the
sensoy for discharge flow perturbstions). Consequently, the discharge
throttle valve gcontyol systes frequency response characteristics had to
be estimated, and the possible effects of a dynamically asctive clement
in the discharge line on the dats and upon the modeling effort were
considered.

NPEH (net positive suction head at the pump inlet) wss controlled by the
run-tank pressurization systew uwtilizing s feedback contrel sensing LOX
run-tank discharge pressure. The run tank was vented wntil just prior to
sich test o give & wiform LOX tespersture. The PU (propellant uwtili-
sation or 10X puwp lmpwlier bypass) valve was menually set before testiung
and held in place by & locking scvew. Pligure 62 shows the PU valve
hypdrauiic resistance as s function of valve position, Set positions
determined by s gage and locking screw holes are indicated by the numbers.
A gae indicstes full-open position while five is full closed.

The hydvaulically deiven pulser was located immedistely upstream of the
inket dine test section, Fig. 60, Pulsing of the inlet system was accoms
plished by O“miag piston causing a sinusoldally varying flow in and out
of the pusp islet line. High-quality LOX was assured throughout the
stroke by means of & tonstant LOX bleed through the piston and hence
overhourd.  Pesh-to-pask inlet pressure asplitudes of as high as 50 psi
were schivved,  However, inlet pressuwe seplitudes grester than 15 psi
peak-to-paak praved to be undesivable becsuse of the nonlinesr pressuve
wave and the sssocisted large-asplitude inlet line mechsnical vibrations.
These wibrations intvoduced sddizionsl inlet compliance of unknown ampli-
tude which could not be Jetersined analyvtically. Stiffening of the inlet
fime by incressing the maber and rigidity of bracing struts aloag with
low-pulsing pressurs ssplitudes (less then 15 psi peak-to-pesk) permitted
data scqusition with 2 minisem of vibration contaminstion.
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CTL-1, CELL §
RUNS 1789 TO 1802
TEST FLUID: LOX
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PU VALVE ANGLE, DEGREES

Figure 62. J-2 PU Valve Mydraulic Resistance Characteristics
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High-frequency pressure sensors were located along the..inlet line to per-
mit an sccurate reconstruction of inlet line behavior. This modeling of
inlet line behavior was then used to estimate the inlet line dynamic flow.
Both Photocon and Data Sensor dynamic pressure transducers were utilized,
often redundantly (Fig. 61 presents exact locations). The former were
flush mounted, while the latter, though recessed approximately 1/2 inch,
were less subject to d-c drift. Static pressure measurements were located
nearby to permit accurate measurement of steady-state pressure. Pump
discharge and PU valve pressures were measured in a similar manner.
Dynamic discharge flow was measured utilizing the J-2 flight flowmeter.
This turbine-type flowmeter has been shown to respond to dynamic flow
p.rturbations to frequencies well above the range of interest (35 Hz).

In addition, six Statham low-frequency accelerometers were installed at
critical points on the inlet duct and supporting structure to monitor
vibration levels. Figure 61 includes the locations of key dynamic meas-
urements. Table 12 presents a complete list of parameters recorded on
magnetic tape. Table 13 lists the measurements recorded on the low-
frequency Beckman system to give accurate steady-state operating point
date and to monitor critical pump parameters.

Tests were of two major types: pump inlet flow pulsing tests with the
pump operating, and inlet duct pulsing tests with the inlet line blanked
off at the punmp flange. The former were run to establish LOX pump low-
frequency dynamic behavior, while the latter were run in an attempt to
verify inlet line fluid behavior and to establish differences between
inlet line test sections. The tests were run over a range of pump oper-
ating points and PU angles with available NPSH ranging from 70 feet to
30 feet. Pulser frequency was swept from 4 to 35 Hz with some 1- to
10-Hz sweeps also included on selected tests. Essentially, the same
opersting reglons were covered for the pump operating with each of the
three inlet Yine test sections.
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TABLE 13

LOW-FREQUENCY MEASUREMENTS
{Recorded on the Beckman System)

1. Inlet Static Pressure 4 Feet Upstream of Pulser (Piezometer Ring)

Injet Static Pressure 4 Inches Upstream of Pulser (Piezometer Ring)

W

Inlet Static Pressure 4 Inches Downstream of Pulser (Piezometer Ring)
4. Inlet Tempersture 4 Inches Downstream of Pulser

%. Discharge Pressure 12 Inches Downstream of Pump Flange (Piezometer Ring)
6. Discharge Pressure 3 Feet Downstream of Pump Flange (Piezometer Ring)
7. Discharge Temperature 3 Feet Downstream of Pump Flange

8. Discharge Flowmeter Fluid Temperature

9. Pump Speed

10. Pump Bearing Coolant Pressure

11, Pump Bearing Coolant Temperature

12, Pusmp Drive Torquemeter Signal

13, Pump Primary Sesl Cavity Pressure

14. Pulser Actustor Cylinder Pressure

182 - R-7970



A total of 195 dynamic tests was rvun over a 2-month period. On the early
tests, the irlet line was found to have excessive vibrations. These line
vibrations represent a mechanical “softness"” or compliance in the system
which must be eliminated or accounted for so that the resulting fluid com-
pliance could be determined. Because it was not considered practical to
account for inlet line mechanical vibrations by theoretical techniques, an
effort was ma”> to stiffen the facility line and thus reduce the vibration
amplitude to an acceptable level. Further, the pulser was operated at

a reduced amplitude for the remainder of the tests in an attempt to avoid
exciting mechanical vibrations. Because all tests using the Rocketdyne
inlet line were run prior to the facility modification, these results

were considered invalid. With a few exceptions, all tests with the
flight-type (SD) duct and the solid line were valid.

Results from the pulsing tests with the blanked-off flange were also
invalid. Although comsiderable effort was made to ensure good-quality
LOX, these tests showed erratic behavior even between two frequency sweeps
in a single test, thus indicating the presence of significant quantities
of trapped GOX. For this reason, duct pulsing test data were not used

in the analysis. The resulting tests which yielded valid data are pre-
sented in Table 14.

Dats Handling

The dats from pulsing tests of the LOX pump were recorded on magnetic
tape. The PM tape was then analyzed by using the Rocketdyne tracking
filter technique. The tracking filter technique used the pulsm" posi-
tion signal as s reference signai to control a varisble center frequency
of matched band-pass filters and to act as a phase reference.  Individual
data channels were simultaneously processed by the band-pass filters to
obtain the components of the data at the frequency of the pulser input.
Up to four component amplitudes, three relative phases, and three aspli-
tude ratios can be computed simultaneously. The frequency range must be

R-T970 153
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one decade in the 0- to 20K-H: range. The tracking filter

‘ 8 'mmh shmwr filtering of the data than does an ordxmr; f:nemd
‘Eru&h record but is only asbout one-third as selective as o Power Np@»tr%l
pensity (PSD) plot. The advantage of the technique over the PSD is 1ts
ability to procaﬁﬁ a continuous span of data, whereas numerous PSD's pust

be obtained to analyze an expanded time segment.

Typically, the ratios of inlet line pressure, discharge line pressure,

and discharge line flowrate to pulser position were obtained for each

test, Inlet flowrate was analytically determined using the inlet pressupe
measuvenents. These inlet pressure measurements indicated that the facility
ducting could be adequately modeled as a fluid inertance, and with pressure
measurements at the two extremes of the duct, flow could be computed using
the velation AP = SLw where L is the inertance.

Test Results

The test data were plotted as a function of frequency for each of the
parameters of interest, and an estimated best-fit curve was traced through
the data for each test. Typical results are shown in the figures of
Appendix B. In these curves, the gain and phase of pump inlet pressure

(4 inches upstream of the pulser) divided by pulser position is plotted

#s a function of frequency. Each figure presents data for a common inlet
line and target bﬁk pump NPSH.  The pusp av&rating conditions {i.e., €low,
«@pasd. and PU waxva position) can be determined by comparing the test
numbers wtth the results presented in Table 14. Similar data were abmimd
for pmp di nkaxega; premure éwid&d by pwap inlet pressure and mp aiscmrw

ft was found in miwmg t as*Bm«ah mrmis

‘ iy




of + » vaw dats that whenever the structural vibration levels tended to
ir’rease during a test, the response of the inlet pressurc tended to
decrsase civing a rounded-off resonant peak. Thus, those curves which
indicate the sharper resonances are considered to be a beiir representa-
tion of the pump dynamics.

The effect of pump NPSH on the resonant frequencies and amplitudes can be
determined by compaving the various figures. The first and second resonant
and antiresonant frequencies are plotted as a function of NPSH in Fig. 63
and 64 for the S-11 inboard duct and a solid duct, respectively. Both of
the rescnances are seen to occur at a lower frequency as NPSH decreases.

A comparison of these two figures indicates the influence of the inlet

duct configuration on the resonant frequencies. The first resonance and
antiresonance are essentially idemtical for both ducts. The second reso-
nance and antiresonance gre at slightly lower frequencies for the §-11
inlet duct. This is believed to be the influence of the additional mechan-
ical compliance of the S-11 duct. PU valve position appears to have some
effect on amplitude. The peaks at the null PU position are generally the
highest peaks of a particular set. At the full-open or closed positions,
no consistent difference can be determined. It is not certain whether

the null position results in higher pressure response or results in less
mechanical vibratiors which yields higher pressure response. The effects
of pusmp speed and flow are even less pronounced. It should be kept in
mind that in the pump test facility, speed, flow, and PU valve position

can be set independently.

In 2 later section, the results of the pump and facility analytical model
are correlated with the test data. The data are presented in that section
a5 bands of dsta representing the scatter observed in the figures of
Appendix B.
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Figure o4, Observed Characteristic Frequencies for Solid Inlet Duct
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An anslytical wodel of the low-frequency dynamics of the CTL-1 test
facility with the pulser and the LOX pump was developed. The model
parameters were then determined by matching the test results of pump
inlet pressure divided by pulser position. The model was then checked
further by comparing the snalytical and experimentsl response of other
parameters. The purpose of the model is to understand the data from
the tests, to determine the pump suction impedance for use in any other
dynsmic environment, and to sttempt to gain better understanding of the
relationship between pump design ond the resulting dynamics.

The one paraseter required but not directly measurable is pump inlet
fiow., The tests with the inlet line blanked off at the pump inlet flange
wore designed to determine an swmpirical relationship between inlet flow
and inlet pressure. Extensive attempts were made to ensure that there
was no trapped gas in the inlet lines during these tests, but the results
indicated thet gas must be present. As a result, these tests were not
usable for determining the relation between suction pressure and inlet
flow, and the anslyticsl wodel of the inlet system was used. The facility
1ine from the tank to the pulser was modeled using the fomiliar time-delay
equstionx for acoustics in & straight duct, This model indicated no
acoustic resanances for the duct in the 1- to 35-Hz range such that the
duct could be treated as & simple inertance. As a simple inertance, the
pressures along the duct should be in phase. The pressure amplitude at
the tank is zero, snd the aplitude should incresss along the duct in
wmmim to the inertance between a station and the tank and the total
tine inertance, These M and amplitude velationships were both veri-
fm w am from m m tests and yielded confidence in the facility

) 5‘% on t!w %itMrml M:miw of tm‘ ptstm:. An overboard
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#d theough ti@ Wstm was used to sssure pood quality LOX, and the

2l ‘r'ﬁw&m a8 reduced at the higher fregquencies. The data transcrip-
don = m& the input duts to determing the ssplitude at
the ﬁmmai fmﬁmmy so that an ssswmed pure sisusoidal input inm
the ﬁi?ﬁ%&ﬁ model 15 a pood approximation.

The duct betwedn the pulser snd the pusp was trested as an inertance,

The S-11 dnbosrd duct was seen from Fig. 63 and 64 to have an associated
mechanics) complisnce, but this compliance was luwspsd together with the
pump . julet complisnce. Previous experience with pump low-frequency fluid
dymanic bebavior hed indicated that a “cavitstion compliance” or *bubble”
existed 8t the pusp inlet, but this was not sufficient to explain pump
dynagic behavior over the frequency range of testing. A detailed phys-
ical sodel of the J-2 oxidizer pump wes formulated which incliuded all
potentially significant fluld passages which might contribute to the pump
dynmmic behavior. Figurs 65 is 8 cross section of the MK 15-0 pump shows
ing the pertinent cavities. Aside €rom the main flow path, there are
theee other fluid passages in the pump. First is the stress relief vol-
ume Just to the side of the lmpelley, This cavity must contain high-
preasure 0K during pusp opevation. Second is the propellent utilization
passage.  Flow is tapped off the discharge volute snd routed to & return
point betvesn the inducer snd lspeller. Depending on the PU valve posi-
tion, this flow say vary from 10 to 130 1b/sec of LOX. This passage is
presumsbly £illed with LOX although this is by no means certain at the
low flowrstes.

; im m&m the wxm and #mmdm; into the sres

a8 ‘a wmm #f isws 1m3 wxm:itm
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and bearing friction heat input. In addition, the antivortex vanes
installed behind the impeller to prevent vortexing in the direction of

- impeller rotation almost certainly induce vortexes at 90 degrees to this
pﬁiﬁna'. In other words, this is an area for potential twg phase oxygen.

Recognizing the fluid dynamic potential of these cavities, it was deter-
mined that the initial model should include them all. Figure 66 illus~
trates the postulated lumped pasrameter pump model representing this system.

The facility discharge system of the pump was modeled analytically using
the same techniques as used on the inlet system. It was found that there
was a flow throttle valve control which was active below 10 Hz. The
effect of this flow control was studied using the analytical model. The
results indicated that the control had very little effect on the response
of inlet pressure divided by pulser position as shown in Fig. 67. Prob-
ably even move significant, these results indicate that the inlet pres-
sure is relatively insensitive to the discharge system behavior and that
any reasonsble dynamic approximation of the discharge system is adequate
in the snalytical model. Of course, the influence of the discharge system
dynamic representation would be greater on the discharge parameters of
pressure and flow.  Figure 68 indicates the effect on discharge pressure
of this flow control.

“The complete méﬁci{uw model is shown schematically in Fig. 69. The

model aqmtiomk«*g&m, below with explanations. Oaly certain coeffici-
nspe ified in the equations, and these were studied to determine
their influence and then to mstch the test data. These unspecified coef-

R-797C



imm% J*zmm Lumped  Pavemeter Fluid Dynaaic Model




=TT TT"T"7T T LA B T 200
- PHASE WITH 4150 s
NO FLOW w
CONTROL ]
- —1008
PHASE WITH .
FLOW CONTROL 7]
o] —{50 =
6o} 1°
508~ -
£ GAIN WITH
& FLOW CONTROL
= 40}~ ]
e
GAIN WITH WO
FLOW CONTROL
0 -
10~ -
i 1 L.t 1 é ] } i 1 i |
@ & 5 & 7 & 10 15 20 25 3¢ ko 50
FREQUENCY, MZ
Figure 67. Inlet Pressure to Pulser Position Transfer Function for
Two Different Discharge Systems
164 R-7970



T T ! T e ey

PHASE WITH \
NO FLOW CONTROL —1 1500

J1008

-

ot

PHASE WITH
FLOW CONTROL,

 GAIN WITH

7/

== GAIN WITH NO
FLOW CONTROL

mto Msw Position Transfer Function

165



69 oandty
dumg XOT Z-r Y31a L3T11984 [-11D 30 1opop Srweuig yo wexSeiq yoolg

R-7270

166



(45)

(46)

(47)

(48)
(49)
(50)
(51)
(52)
(53)
(54)
(55)
(56)
7
(58)
(59)
(60)

(61)

PUMP FACILITY DYNAMIC MODEL EQUATIONS

-0.002576% . . ~0.002576S Time
0= ~P2 - PZ e - 1.788 Wy o+ 1.788 w, e Delay 1
-
0 = 'QZ ., ea0.0105625 - 1.7634 p3 e-0.00SZBIS
Time Delay 2
-0.01056S
+(.8817 Pz (1.0 + e } ? Equations
Tank Discharge
. . =0.0105628 ~0.005281S

0= Vg + "3 e + 1.7634 P2 e Photocon

-0.8817 P. - 0.8817 P 6-0.0105625 to Pulser

3 3 J

P3 =P, 0.01 Wy Inlet Line Damping
P4 = 10,000 (*3 * ﬁ4 + ﬁs) Flow Effects at Puls>r
ﬁ4 = 0.2035 % Pulser Input
Hs = 326.3 (94 - Ps) Pulser-to-Pump Inlet Line
Ps = Bl (ﬁs - ﬂé) Pump Inlet Compliance
We = 400 [(1 + K)Pg - P - 0.363 é ] Inducer Flow
Pﬂ = 1000 (w6 + ﬁll - &12 - w7) Interstage Pressure
Wa® Lz (96 - sz . Rz wlzj Impeller Cavity Flow

P2 = By ¥,
¥, = 1000 (P - P, - 1.0 &)

P, = 10,000 (%, - ¥, - W

W5 = 10,000 (P, - P, )

*

Py = 56,370 %

13 13

kg = 92.85 (P, - Pg)

R-7970

8)

Impeller Cavity Pressure
Impeller Flow

Impeller Discharge Pressure
Stress Relief Cavity Flow
Stress Relief Cavity Pressure

PU Inlet Flow

167



(62)
(63)
(64)

(65)

(66)

(67)

(68)

(69)
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Py
*10

1o

14

Time Delay 3
Equations
Pump Discharge
to
Throttle Valve

Time Delay 4
Equation,
Throttle Valve

= 135,800 (wg - wlO) PU Inlet Pressure
s 20 - . v ;
295.9 (Pg P10 4 wlﬂ) PU Valve Flow
= 34,390 (wlo - wll) PU Discharge Pressure
= 719.4 (P10 - Pb -2 wll) PU Discharge Flow
- 0.008918S - 0.0044598 )
~P14~ P14 e + 2 P7 @
. . - 0.0089185
- 7.124 \vll4 + 7.124 Y4 e
. . - 0.008918S o - - 0.00445488
T Wg " ¥g® MR VI
~ 0.008918S
- 0.1404 P7 e + 0.1404P7 )
= (P14 - Pls)/4 Throttle Valve Damping
A - 0.014725 . - 0.014728
'PIS PIS e - 1.8126 Wi
g &
+1.812 Y4

to Tank
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Equation

~Husber |
(48)

(49)

(50)

(51)

(52)

(53)
(53)

(53)

(54)

(55)

(38)

R~T870

VATION NAMIC

Coefficient Value
0.01 psi/(1b/sec)

10,000 1/in.?

0.2035 (1b/sec)/(1b/in.%)

326.3 (1b/sec’)/psi

B l/in.2

1

400 (lb/sucz)/psi

K psi/psi

0.363 psi/(1b/sec)

1000 1/1n.2

L, (1b/sec®)/psi

‘2 psi/lb/sec

DEL _COEFFICIENT VALU

Derivation

Inlet line damping based on an esti-
mated 4-psi friction loss at
400 1b/sec flow

Estimated pulser compliance (all
liquid oxygen}

Pulser piston velocity-flow relation
for 5-5q in. pulser

Pulser-to-pump inlet inverse fluid
inertia, 50.03-in.2 line
59.25 inches long

Pump inlet compliance (including the
inlet bellows effect) 150 1/in.< to
50 1/in.? range based on model matching

Inverse pump inducer inertia

Effect of inlet pressure (NPSH) on
inducer head rise oxperimentally
detzrmined to be 0.5 by model matching

Linearized damping resulting from
inducer head-flow characteristic

Estimated inducer discharge compliance
{perturbation studies show this to be
a reasonable value)

Inverse inertia of impeller back-side
cavity passage calculated =

1 2
755 ° 30 1b/sec”/psi based on

pusp dats

Linearized damping of impeller back-
side cavity passage experimentally
determined equal to 0.5 psi/lb/sec
by model matching

169



Equation
Humber
?56)
(57
(57)
(58)
(59)
(60)
(61)
{62)
(63)
(63)

(64)
(65)

(65)

a = 34,560 in./sec
& = 35,040 in./sec

170

Coefficient Value
B, 1/in.”
1000 1b/sec’/psi
1.0 psi/lb/sec
10,000 1/in.?
10,000 1b/sec’/psi
56,370 1/in.%q
92.85 lb/seczlpsi
135,800 1/in.?
295.9 1b/sec®/psi
4 psi/lb/sec

34,390 1/in.?
719.4 lb/saczlpsi

2 psi/lb/sec

Derivation
Impeller back-side cavity compliance
150-1/in.2 to 90-1/in.< range based
on model matching

Estimated LOX pump impeller inverse
inertia

Linearized damping .esulting from
impeller head-flow characteristic

Estimated impeller discharge com-
pliance (high-pressure liquid)

Estimated stress relief cavity
passage inverse inertia

Stress relief cavity calculated
compliance (high-pressure liquid)

Calculated PU valve inlet inverse
inertia

Calculated PU valve inlet cavity
compliance

Estimated PU valve and discharge
inverse inertia

Estimated linearized damping result-
ing from PU valve

Estimasted PU discharge compliance

Estimated PU rcturn passage inverse
inertia

Estimated linearized damping result-
ing from PU return passage

scoustic velocity of LOX in inlet lines

acoustic velocity of LOX in discharge lines
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Initially, each of these parameters were to be perturbed to determine its
influence on the inlet pressure response. Some of the early analytical
results indicated that the side-branch inertia, Lz, was not varying with
¥PSH and its value could be determined analytically. The form of the data
and the model results indicate that the response curve of inlet pressure
at the pulser divided by pulser position has the asymptotes as indicated
in the sketch below.

(Pin.)
Log <

;T

”
Slope =« f~
’ P

Log (frequency)

The location of the break points on the frequency scale is determined
by the resonances and antiresonances of Fig. 63 or 64, The intercepts
of the asymptotes with the ordinate scale are primarily a function of
the inertances of the system.

Assuming that the inertance of the facility lines, inlet line, and the

inducer and impeller are independent of NPSH, the only significant inert-

ance which could vary would be Lz, the side-branch inertance. However,

the asymptote along the dashed line in the sketch above is independent

of NPSH, thus indicating that L2 is independent of NPSH. The required

value of L2 to get this asymptote is in the range of 0.0183 to 0.026 (sec/in.)z,
the lower values appearing to be more realistic. Thus, a value Lz = 0,02

was used, and it was not necessary to vary this parameter in the studies
correlating the analytical model with the experimental data.
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Thus, there are four parameters which were varied to arrive at model-data
correlation, The effect of all four on the pump parameters are shown in
Fig. 70 through 81, The first three of these figures indicate the
effect of the pump inlet compliance (Bl)' This compliance is seen to have
a strong effect on the second resonant and antiresonant frequencies and
amplitudes., Because these frequencies vary with NPSH, al will have to
vary with NPSH, but this was expected because Bl is an indication of the
pumsp cavitation. The side-branch compliance (82) has a similar effect
on the first resonance and antiresonance. The factor (I + K) tends to
shift the second resonant frequency and to flatten the first resonance-
antiresonance psir of pump inlet pressure (Fig., 76 ). The side-dranch
resistance, R,, tends to lower the amplitude ot both resonant peaks with-
out shifting the frequencies.

Correlation of Model With Datas

It now remains to select those values of the four unknown parameters which
+ will result in correlation with the deta. As there was a rather large
amount of data scatter, the dats had to be weighted to establish what were
considered the most representative results apart from contamination by
noise, vibrations, etc, Part of this weighting is reflected in the figures
to follow where bands of data are presented for esch NPSH, but some of the
actual data falls outside thess tands. In general, the analytical remsonant
peaks were selected to match the higher values in the data band. This
yields results which are more conservative but are also expected to be
more accurate. In easch case, the pump inlet pressure (at the pulser)
divided by pulser position was selected as the parameter to be matched by
the model. The data for this parameter is more consistent and relisble,
and the suction side impedance is the desirved vutput ot the model. The
comparison of model results with data of ot!m parametexs added confidence
to the validity of m model,

The bands of aﬁu*m shown in Fig. 82 through 89 , and the model results

are indicated by dashed linos on the figures. The correlstion is generally
seen to be good. I£ it were desired to match the data to the lower gains,
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this could be accomplished by increasing the resistance, or damping, temms,
e.g., RZ' Considering specific curves, the fit of Pl/x is good in each case
for both gain and phase with the one possible exception of the second

r sonant frequency at a NPSH of 50 feet. This particular resonance was
less consistent from test-to-test so that the data scatter itself prevents
the correlation from appearing as good. This resonance could be lowered
by decreasing B[, but this would lower 1ts amplitude as well (Fig. 70 ).
There is enough scatter in the flow data to render any attempt at correla-
tion uncertain. However, each time the model results indicate resonant

and antiresonant peaks, there are some data which also indicate a cor-
responding response of gain. The correlation of flow phase angle is as
good as could be expected from the flow data. Certain aspects of the

pump gain (=pump discharge/inlet pressure) are matched well by the model,
e.g., the gain trends at the higher frequencies. However, the correlation
is not as good for gain at lower frequencies, but the discharge parameters
at the lower frequencies are contaminated by the active flow control valve
in the discharge line,

To arrive at these data correlations, the side-branch resistance, Rz, and
the NPSH factor, 1 + K, were constant with respect to NPSH. The values
used were

R, = 0.5 sec/in.*

1+K=1.5

The two cavitation compliances used are shown as a function of NPSH in
Fig. 90.

The comparison of model results and test data demonstrates that the model
is capable of matching the features of the test results. In fact, con-
sidering the nature of the data and the difficulties encountered in ob-
taining good data, the overall agreement of model and data is beirieved
to be quite good. - This means that the model is sufficient to obtain pump
suction impedance, but it cannot be shown that this model formulation is
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unique, i.e., the only possible form. Furthermore, it cannot be proven

that the elements of the model correspond to the physical cavities which

suggested their use. It does seem to be more than coincidence, however,

that a model derived from the physical pump drawings matches the test dats
so well. Further effort would be required to demonstrate model uniqueness

and to definitely associate physical cavities with model elements.
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CG4BTHED DYNAMIC CHARACTERISTICS
OF ENGINE AND FEEDLINE

Having e:tablished an analytical model which is in agreement with the
pump pulsing test data, the model can be used to determine the pump
termination impedance function, (. This function was defined in Eq.22
to be

G = leﬁz

where Pz and w2 are pressure and flow at the pump inlet flange. The
function G was determined for an NPSH of 40, 50, 60, and 70 feet with

no dependence upon PU valve positiun or inlet duct configuration. The
function for these four conditions is shown in Fig. 91 and 92. The trends
are seen to be consistent with NPSH as would be expected from the data
trends. The shape of the curve is also reasonable being representable

of a resistance at very low frequency followed by alternate dominance

by the compliance and then the inertial terms. These curves were curve
fit using an equation of the form

ZCZS SZ
K 1+ + ——s
2ﬂf2 4n fzz
G = S 2C35 32 (70)
1+ 1+ +

The curve fits are applicable up to a frequency of 33 Hz, and in each
case the curve fit function wes in excellent agreement with the original
curve. The values of the pardmeters appearing in Eq. 70 are given below:

Equivalent
Parameter SH, feet | 45 50 60 |70

K, db 10.77 [11.32 |10.8 [11.03
£, Ha 1.20 | 1.66 | 2.06 | 2.64

_ £,, Hz 10.47 |11.1  |12.62 |13.64
£, Hz 13.58 |16.0 [16.95 |19.71
z, 0.29 | 0.291 ] 0.243] 0.233
( 0.209 | 0.184 | 0.166| 0.145
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It was shown that this pump termination impedance is required to arrive
at engine transfer functions APC/AP2 based on an inlet pressure at the
pump inlet flange. The equation for determining this function was

Eq. 35 which is repeated below:

AP AP SL
c [ 1+ 2
EPZ EFI { G } (71)

where P1 is pump inlet pressure upstream and L, is the inertance of the

line between the pulser and P Because the Bode plots of engine transfer

functions are for APC/API, itzis now required to determine the function
7= [1 + SLZ/G]. The pulser in the engine pulsing test program was located
21 inches above the pump inlet flange on a duct of 8 inches diameter. Thus,
2
L, = 21/ [1/4 ()% * 386] = 0.001081 (f%ﬁ-)
Using this value in Eq. 71, the function Z was calculated. The results
are listed in Table 15 as a function of frequency, and the results for
a NPSH of 50 feet are plotted in Fig. 93. The function has very little
effect until frequency gets as large as 20 Hz. The phase angle is less
than 10 degrees up to 30 Hz, and the gain is within 0 23 db up to 25 Hz
except at a NPSH of 40 feet. Using the transfer function, Z, the Bode
plots of the engine transfer function, APC/APin, could now be corrected
to get APC/APZ. However, because the function Z has such a small effect
on the engine transfer function, no plots of APC/AP2 are presented here.

One final relationship of interest is Pc as a function of structural
acceleration which would be applicable to the flight vehicle. To derive
this functional relationship, the following assumptions are made:

1. The feedline can be represented by a single resistance and
inertance, R#SL.

2. The pump dynamics are defined by the pump termination
impedance, G
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3. Tank pressure is proportional to tank-bottom acceleration
which is directly proportional to engine acceleration, so
that Pt = KX.

Therefore,

Pt - PZ = (R + SL) Wy

lewz =G

Wy B W+ pAR/S

AP SL
< 2
Pe ™ BF; ’“"a" g
where X is the oscillatory acceleration at the engine mounts and other

parameters are as used previously. These equations can now be combined
to yield

92-gm—*fl‘§ gPt+pA§(R¢SL); oD
b . Ap G#SLz - AL (n¢sL)'
c* W, | S| | °S { (73)

Assuming that the resistance of the flight duct is swmall, these equations
can be reduced to the form

1 .
Pz‘!T‘M * t"t“’“"z %)
APc 1 SLzlﬁ

The expression [ P, + pALX ] represents a forcing function and the other
terms, the dynmmics of the systenm.
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Assuming an inlet line of 4 feet length corresponding to the inbosrd duct
on the S-II stage, the dynamic function [ 1/(1 + SL/G) ] was calculated.
The results are tabulated in Table 16 and are plotted in Fig. 94 and
95 for a NPSH of 40, 60, and 70 feet. (The results for a NPSH of 50 feet
are approximately equal to those at 60 feet). The dynamics of the feed-
line and pump is seen to increase the gain of P2 over acceleration for
all but a few points, and in no case is there a significant reduction.

At 17 Hz, the gain has not yet increased significantly, but it was pre-
viously shown that the static gain with no increase resulting from the
dynamics of the line was sufficient to get an instability. In Fig. 95,
the phase angle at 17 Hz is close to the -20 degrees which was required
for zero phase shift around the closed loop representing the flight system
dynamics.

The function [(1 + 5L,/6)/(1 + SL/G)] which appears in Eq. 75 is plotted
in Fig. 96 and 97. Agsin, the case of NPSH equal to 50 feet was not
plotted because it is 30 close to the results at 60 feet. The shape of
these curves are similar to those of Fig. 94 and 95, respectively. Al-
though the function G appears in a similar term in both numerator and
denominator, it is still seen to exert a significant influence on the
dynamic response above 20 Hz., Using the Bode plots for APC/AP1 presented
as Fig.A-8 through A-37the functions of Fig. 96 and 97 , and Eq. 75, 2
transf;r’fhnction'relatiﬁg Pc to engine acceleration could be constructed.
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CONCLUSIONS

Extensive analysis has been performed on the data from the Apollc flights
to determine the source and characteristics of the 17-Hz oscillations
which reach large amplitudes near the end of S-II burn. The primary
measurements use. to study the oscillations were chamber pressure and
acceleration of engines No. 1 and No. 5 and of the LOX tank bottom.

(Long instrumentation sense lines rendered the LOX pump inlet and dis-
charge pressure measurements unreliable.) These primary measurements
were analyzed to determine gain ratios, relative phase angles, and in
some cases, rate of change of ga.n.

The most significant conclusion resulting from the data analysis was that
the oscillations were caused by a closed loop instability. The loop consists
of the structure, the inboard LOX feedline, and the center engine, and

the instability is of the same nature as POGD oscillations except that

this instability occurs at the frequency of a higher structural mode
(frequently referred to as the fifth mode) which has significant displace-
ments, or accelerations, in the LOX tank bottom, the thrust structure, and
the cross beam on which the center engine is mounted. There were four
reasons given for the conclusion that the oscillations were the result

of an instability:

1. The gains and phases of the three main elements of the closed
loop are such that the total loop gain is greater than one, and
the loop phase is close to zero, two conditions which define an
unstable loop.

2. The oscillations occur at a resonant frequency of the structure.

3. 'The shape of the oscillation amplitude curve is indicative of an
instability.

4. The operating region of the engine during flight is above the
region in which engine self-driven oscillations occur.
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Using the rate of change of the acceleration with time, minimum closed
loop damping of -1.0 percent was calculated for the instability on flight
AS-504, Assuming the structure had 1.5-percent damping, then the maximum
instability was 4.5 db unstable. If the structure had only !.0-percent
damping, the system was 6.0 db\unstable. The occurrence of the instahility
was shewn to correlate with LOX level in the tank on the fuar flights AS-501
through -509. The frequency and amplitude of this structural mode varies
with LOX level, ard the Conditions necessary for the instability occurred

near the end of burn.

An uanalog model of the clcsed loop was developed to study the instability.
Thi transfer functions required to describe the engine were obtained from
focketdyne tests  The structural modes were derived rom the flight data
becsuse the predicted modes did not agree with the data. The LOX feedline-
putp dynamic model was varied from a simple model through more complex
models which were derived from pump testing data. The analog model gave

an instability agreeing in character and time (approximately) with the
instability in flight. The mndel demonstrated that a4 nonlinear response

of pump inlet pressure caused by cavitation resulted in many of the charac-
teristivs of the flight data. The model also demonstrated the significance
of the pump inlet compliance on the occurrence and degree of instability.
Finally, the model was used to indicite the degree of stability earlier

in flight. This analysis is not conclusive because the confidence is

low in the gains for the structural modes as determined from flight data.
The anulysis indicated that the system closed-loop gain does not vary by
more than a factor of 2 at any time during the S-11 burn. If this is
representable of the flight hardware, the system does not meet the b-db
stability criterion at any time during burn.

The asplitudes of oscillations observed to date are not considered large
enough to result in degradation of engine performance or ogverstress of
engine components. However, an engine with fluid has not been tested at
vibration levels of this magnitude, and the amplitudes are large enough

that it is desirable to eliminate them, or at least significantly reduce
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them. Because the instability occurred near the end of burn, the surest
method of eliminating the oscillations was to cut off the center engine
early because data proved that the center engine was the only source for
these oscillations. This solution was adopted and was effective on stage
static tests and succeeding flights. A second potential solution to the
problem is use of a gas accumulator on the inboard LOX feedline. The
analog model demonstrated that the accumulator can eliminate an instability
in the 17-Hz region. An accumulator is currently being tested at MSFC.

There are some other characteristics of flight data which were mot con-
clusively understood. There were differences between the four flights

in the maximum amplitudes and amplitude envelopes which have not yet been
explained. Some of these differences may be related to the NPSH level.
There are bursts of amplitude early in flight but of low amplitude whose
origin has not been established. The amplitudes are low enough that they
are not of concern, but if these early bursts are indicative of a marginal
stability then they would be of concern for future flights. Also, there
are low amplitude oscillations at approximately 10 Hz and some at the
subharmonic of the frequency of the 17-Hz instability. Currently, the
10-Hz oscillations are believed to be independent of the 17-Hz oscilla-
tions and are probably related to another structural mode. The subharmonic
oscillations are believed to be induced by the 17-Hz oscillations through
symmetrical sloshing in the LOX tank.

In suprort of the oscillation analysis program, Rocketdyne conducted two
test programs, one involving the engine and the other involving only the
LOX pump. In both cases, an inlet piston pulser was used to introduce
fiow perturbations in the LOX inlet line. Dynamic instrumentation was
used to evaluate the feedline-pump and engine dynamic behavior.

The data from the engine pulsing tests demonstrated (1) that the flight-
type instrumentation using long sense lines on pump discharge and inlet
pressures were unreliable, (2) that the region of engine self-driven
oscillations was rather well defined and at NPSH values below those
experienced in flight, and (3) that new transfer functions based on
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inlet pulsing tests were required to describe engine dynamics. The only
new transfer function directly obtainable from the engine tests was APC/
APin where P, is chamber pressure and P, ~is LOX pump inlet pressure
upstream of the pump. This is the most significant of the transfer func-
tions for the S-II oscillation problem. A second significant transfer
function was determined from pump tests and is mentioned below. Based

on the new transfer function for APC/APin, fuel-side transfer functions
and cross-feed transfer functions were adjusted to what appeared to be

a more correct representation, although these transfer functions have a
negligible effect on the 17-Hz problem.

The transfer function APc/APin was determined over an extended operating
range of NPSH and PU valve position. The results indicated a consistently
lower gain as NPSH increased, and a lower gain as the PU valve was moved
from the full-open to the full-closed position. MSFC tests verified cer-
tain of the Rocketdyne results, but at the full-open PU valve po. ition,
the MSFC data indicated gains lower than Rocketdyne's by a factor of
approximately two. This discrepancy is still being studied.

The primary objective of the pump tests was to determine the pump termina-
tion impedance, G = AP /6w _ where P is LOX pump suction pressure and
w, s is LOX suction flow. The suction flowrate was not measurable, and
reliable pressure measurements cannot be made at the pump inlet flange.
Thus, pressure measurements upstream of the pump and pressure and flow
measurements downstream of the pump were used to determine coefficient
values in a pump-facility analytical model, and the model was used to

generate the termination impedance function, G.

The analytical model of the facility lines appeared from test data to be
adequate in the frequency range of interest. Thus, matching the model

to test data depended only on successful modeling of the pump itself.

The dynamic model used for the pump was generated from the physical charac-
teristics of the pump and included all potential dynamic effects which
were recognizable, The primary dynamic elements of the pump are the inlet
compliance, inducer inertance, a side-branch inertance, resistance, and
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compliance, and an impeller inertance. Values for these parameters were
determined by matching model results with test data.

Difficulties were experienced in obtaining good test data because of
vibrations of the system. The facility inlet lines had to be stiffened
and the pulser stroke maintained at a low level to minimize vibrations.
Many early tests did not yield any usable data, and the data from most ~
of the tests appeared to have scatter because of some vibration contamina-
tion, noise, etc. The form of the data definitely indicated two resonant
frequencies in the inlet pressure response. These resonances and the
associated antiresonances were dependent on the NPSH of the LOX pump.

To match the model results to the data, the data were inspected and
weighted to determine those data bands, and values within the data bands,
which appeared to be less contaminated from other influences; thus, most
representable of the pump dynamic response.

The analytical model parameters were determined by matching the model re-
sults to the data for pump inlet pressure divided by pulser position.

The model was able to match this data well, Further confidence in the
validity of the model was then obtained by matching the data trends of
pump discharge pressure and flow. The only operating point parameter
which could be shown to have 2 definite effect on dynamic response was
LOX pump IPSH. The data were matched by the model for NPSH of 40 to 70
feet. The two model parameters which varied with NPSH were the pump in-
let compliance and the side-branch compliance associated with the pump.

After establishing the model which successfully matched the test data,

the pump termination impedance, G, was determined for a NPSH of 40, 50,
60, and 70 feet. This function together with the engine transfer function
APCIAPin are sufficient to analyze the closed-loop instability of the $-11
stage. It was shown that, assuming that the flight inboard LOX feedline
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can be represented by a single resistance and inertance (R+SL), then the
pump inlet pressure and chamber pressure are given by

] X
pOs = }E:ﬁ:gf} ;pt + pPA 3 (R+SL)}

APc G*SL2 ‘ %
Pe * W, {ﬁms |Pe * A5 “‘*5”}

All the terms are defined in the text, but it is noted here that G is

the pump impedance, APc/APl is the engine transfer function measured by
Rocketdyne and shown as Bode plots in the text, and {Pt + DAY (R*SL)/S}

is the general forcing function relating structural accelerations to

the oscillations. It was particularly interesting to note that the

function G had little influence on Pc for frequencies below 20 Hz, except

that at a NPSH of 40 feet the gain was increased by a maximum of approximately
5 db at 20 Hz. Above 20 Hz, the function G had a pronounced effect on

the transmission of acceleration effects to Pc.
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NOMENCLATURE

acoustic velocity
generally, the cross-sectional area of a duct

fluid spring rate, or hydraulic compliance in units of in.'z

hydraulic compliance in units of in.2
center engine cutoff

decibels

engine No. 1 or 5 on Apollo second stage

frequency (Hz)

engine thrust

acceleration of gravity

pusp termination impedance (=8P /8% )

gas generator

height of s liquid column in a line, or tank, respectively
complex variable operstor (=v-1.0)

gain term in transfer function, gain ratio of xm/xs,
factor relating inducer head rise and inlet pressure

inertance

generalized mass associated with a structural vibration
mode

m§ ?positiva suction head
pressure '
chaaber pressure

chamber pressure for engine No. 1 or 5 on Apollo second
stage
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PSD = power spectral density data analysis technique

PU = propellant utilization (valve)
Q = pump volumetric flow

R = resistance

RT = range time for Apollo flights
S = Laplace operator (=iw or d/dt)
t = time

v = velocity

w = weight flowrate

W = work

x,k,X = displacement, velocity, and acceleration, respectively

ﬁl,is = acceleration of engine No. 1 or 5 on Apollo second stage

xLTB = acceleration of LOX tank bottom at sump on Apollo second
stage

A = transfer function, or impedance

A = denotes incremental value of parameter

4 = percenrt of critical damping

Lgrby @ percent of critical damping for a closed loop or a
structure, respectively

B = weight density

'9 = phase angle, e.g., of a transfer function
W = frequency in radians/second

Wy = resonant frequency

Subscripts

a = accumulator

¢ = thrust chamber
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] = gxternal

fs = fuel suction
in = jnlet, usually LOX pump inlet
2 = line or loop

LB = LOX tank bottom
os = LOX suction

od = LOX discharge

pf = fuel pump
po = LOX pump
t =  tank
v =  vapor

1,2,... = sometimes denotes a particular engine on the Apollo
second stage and, at other times, denotes a particular
location or parsmeter '
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APPENDIX A

This appendix contains two sets of figures relating to the engine

pulsing test program. The first set, Fig. A-1 though A-7, presents

the actual PU valve position and LOX pump NPSH as a function of time

for the tests which were used to determine the engine transfer function
APc/APm. These data were obtained from the Beckman digital data acquisi-
tion system. The sampling rate on this system is high encugh to reflect
the low-frequency oscillations in the inlet system so that an envelope

of NPSH data is obtained. The mean value of NPSH is quoted as the test
operating value.

The second set, Fig. A-8 through A-37, presents Bode plots of the transfer
function A%/A’in' Pin is the pressure 3.5 feet upstream of the pump
inlet flange. All but two of the tests were run over the frequency range
of 10 to 25 Hz, and the data cover only that range. Some of the tests
were curve fit, and the resulting curves are plotted as dashed lines in
the figures. The form of the curve fit function and the parameter values
are given in the text in the section on the engine testing program.
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Figure A-9. J-2 Engine Test With Inlet Line Pulser, Test No. 316-013-1
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Figure A-10. J-2 Engine Test With Inlet Line Pulser, Test No. 316-013-2
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Figure A-11.J-2 Engine Test With Inlet Line Pulser, Tes: No. 316-013-3
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Figure A-12.J-2 Engine Test With Inlet Line Pulser, Test No. 316-014-1
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Figure A-14, J-2 Engine Test With Inlet Line Pulser, Test No. 316-014-3
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Fo.U. VAL'Z FCSITION: FULL OPEN
APPROXIMATE AVG. NPSH: 55 FEET
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P.U. VALVE I'OSITION: FULL OPEN
ATPROZINATE AVC, NPSH: 59 FEET
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P.U. VALVE FOSITION: 10 DEG. OPEN
APPROXIMATE AVG, NPSH: LS FEET
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P.U. VALVE FOSITION: 10 DEG. OPEN
APPROXIMATE AVO, NPSH: 48 FEET
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P.U, VALVE JOSITION:1O DEG. OPEN
APPROXIMATE AVG, NPSH: 51 FEET
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P.U, VALVZ 10OSITION: 10 DEG. OPEN
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APPENDIX B

The following eight figures present some of the data from the LOX pump
tests. In each case, the gain and phase of pump inlet pressure divided
by pulser position (PIIX) is plotted as a function of frequency. This
pump inlet pressure is located 4 inches upstream of thé pulser, which

is approximately 59 inches upstream of the pump inlet flange. The eight
figures present the data for both a solid inlet duct and the S$-II inboard
inlet duct at NPSH values of 40, 50, 60, and 70 feet. The pump operating
conditions of speed, flow, and PU valve position can be determined from
the test number and the corresponding data of Table 14 . Similar data,
though less consistent, were obtained for pump discharge pressure and
flow, but are not included here.
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